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ABSTRACT 
Aircraft icing is widely recognized as a significant hazard to aircraft operations. When an 
airplane flies in a cold climate, some of the super-cooled droplets will impact and freeze on 
exposed airframe surfaces to form ice shapes. Ice accumulation can degrade the aerodynamic 
performance of an airplane significantly by increasing drag while decreasing lift. In moderate to 
severe conditions, an airplane can become so iced up that continued flight is impossible. While a 
number of anti-/de-icing systems have been developed for aircraft inflight icing mitigation, current 
anti-/de-icing strategies suffer from various drawbacks, including being too complex, too heavy or 
draw too much power to be effective. Very recently, dielectric barrier discharge (DBD) plasma 
actuation has been suggested as a promising, alternative anti-/de-icing method, by leveraging the 
thermal effects induced by DBD plasma generation. 
In the present study, a comprehensive study was conducted to examine the thermodynamic 
characteristics of DBD plasma with the intention to explore its potential as an effective anti-/de-
icing method for aircraft icing mitigation. The experimental study was performed in the unique 
Iowa State University Icing Research Tunnel (i.e., ISU-IRT). A NACA 0012 airfoil/wing model 
embedded with DBD plasma actuators was designed and installed in ISU-IRT under typical glaze-
/rime icing conditions pertinent to aircraft inflight icing phenomena. During the experiments, the 
dynamic ice creation process and corresponding surface temperature over the airfoil surface were 
captured by using a high-speed imaging system and an infrared (IR) thermal imaging system. The 
thermal effects of Alternative Current DBD (i.e., AC-DBD) plasma actuators were compared 
quantitatively with conventional electric film heater, and the AC-DBD plasma-based anti-icing 
methods were found to be at least as effective as, if not better than the conventional electrical 
heaters in preventing ice formation and accretion over the surface of the airfoil/wing model. In 
vii 
addition, thermal characteristics and anti-icing performance of nanosecond-pulsed DBD (NS-
DBD) plasma actuator were also investigated under different icing situations. Surface heating 
during NS-DBD plasma actuation was found to be strongly affected by environmental and 
operational conditions. The anti-icing performance of NS-DBD plasma actuation would be 
improved with increasing pulse repetition frequency. Furthermore, configuration of the plasma-
based anti-icing system was optimized to improve efficiency of the icing mitigation. Streamwise 
employed plasma actuators can increase the heat dissipation to downstream of the airfoil to reduce 
the rivulet formation. Additionally, a hybrid anti-icing approach was introduced by combining NS-
DBD plasma actuators and superhydrophobic surface. NS-DBD plasma actuator employed on an 
airfoil surface can successfully prevent ice formation at the leading edge, while superhydrophobic 
coating avoids runback water to freeze on surface and form ice rivulets. The findings derived from 
the present study are very helpful to elucidate the underlying physics and to explore/optimize 
design paradigms for the development of effective and robust plasma-based anti-/deicing strategies 
to ensure safer and more efficient operation of aircraft in cold weather.
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CHAPTER 1.    GENERAL INTRODUCTION 
Background and Motivation 
 Freezing weather conditions possess serious threat to flight safety. In cold climates, 
supercooled water droplets that are present in the air may impinge and turn into ice on the surface 
of the aircraft during the flight [1]. Formed ice may significantly affect the flow field and reduce 
the aerodynamic performance by increasing drag and decreasing lift [2]. Green [3] documented 
248 ground icing events and 308 in-flight icing events from 1982 to 2011.  
Passive and active strategies have been developed over the years to mitigate ice formation. 
Passive methods include superhydrophobic coatings which rely on repelling water from the surface 
quickly before it freezes or icephobic coatings reduce ice adhesion strength [4–6]. Passive 
strategies do not require any energy input; aerodynamic forces help water and ice to shed away 
from the surface. However, water and ice would still remain at the stagnation points and keep 
accumulating as time goes on [5].  Active strategies consist of mechanical, chemical and thermal 
methods. Mechanical ice removal methods, such as pneumatic or electro-mechanical boots [7,8], 
rely on letting the ice build up first and breaking it once it is thick enough.  Aerodynamic and 
gravitational forces would fly away the broken ice pieces, However it may not be able to remove 
the ice completely or even the shed ice chunks may damage other parts of aircraft [8]. Chemical 
ice removal methods, such as use of freezing point depressants[8] or deicers, may harm the 
environment [9]. Thermal anti icing methods, such as hot-bleed-air anti-icing systems [8,10–12] 
or electro-thermal heating systems [8,13,14], are the most effective anti-icing methods in use. 
However they have need of high energy input in order to entirely get rid of the ice and avoid molten 
ice to freeze again downstream of the airfoil. 
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Plasma based anti-\de-icing systems is another newly developed active anti-\de-icing 
method [15,16]. Plasma actuators, especially Dielectric Barrier Discharge (DBD) plasma actuators 
are extensively studied for flow control applications. In addition to flow control feature, DBD 
plasma actuators have capability of converting electrical energy to thermal energy with fast rate. 
This unique characteristic makes DBD plasma actuator suitable for anti-\de-icing applications. In 
this study, thermodynamics characteristic of DBD plasma actuators and its potential for aircraft 
icing mitigation were investigated experimentally.  
Literature Review 
Physics of Plasma 
Plasma is ionized gas and considered as the fourth state of matter other than solid, liquid 
and gas. It consists of charged particles, such as ions and free electrons, and neutral species. 
Artificially generated plasmas can be distinguished into two groups, high temperature (fusion 
plasmas) and low temperature (gas discharge) [17]. Gas discharge plasmas are created by 
providing energy to a neutral gas affecting the formation of charge carriers. Electrons and photons 
collision with molecules and neutral atoms in the gas produce electrons and ions [18]. Heat, 
adiabatic compressions, energetic beams are possible energy sources for plasma generation. 
A widely used method for low-temperature plasma generation is to apply an electric field 
to a neutral gas. The electric field accelerates free electrons and ions in neutral gas and collides 
with atoms and molecules in the gas or with the surfaces of the electrodes [18]. Charge carriers 
transfer their energy into the plasma via elastic and inelastic collisions with other particles. 
Electrons preserve most of their energy in elastic collisions with atoms and molecules because of 
their small mass [18]. The main process of energy transfer is due to the inelastic collisions which 
lead to excited molecules and ionized particles [19].  
Another categorization can be made between plasmas by their state of thermal equilibrium. 
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When the temperatures of electrons and heavy particles in the plasma are the same, it is called 
local thermodynamic equilibrium plasma (thermal plasma). Plasmas which have its electrons and 
heavy particles in different temperature are referred to as non-local thermodynamic equilibrium 
plasmas (non-thermal plasma). This classification can be applied to gas discharges. The pressure 
plays a key role in the thermal equilibrium of plasmas. A low gas pressure induces fewer collisions 
in the plasma. Therefore the temperature of heavy particles is lower than electrons. On the other 
hand, a high gas pressure (atmospheric pressure)  implies increased the number of elastic and 
inelastic collisions in the plasma, which increases energy transfer between electrons and heavy 
particles, resulting in the rise of heavy particle temperature [17,20].  
A gas discharge plasma sustained by an electric field. Electron gains energy from the 
electrical field and delivers it to other particles in the gas via collisions [21]. There is three type of 
collisions: elastic, inelastic and superelastic. In elastic collision, total kinetic energy of the particles 
remains same; there are only momentum transfers [22],  
 efast
−  + Aslow  → eless fast
−  + Aless slow   (1.1) 
During the inelastic collision, in addition to momentum transfer between particles, there 
is an energy transfer from kinetic energy to internal energy of the particles. In that case, ions and 
excited states are formed [22]. 
efast
− + A → eslower
− + A∗ → eslower
−  + A+  + e−  (1.2) 
In a superelastic collision, the internal energy of the colliding particles is transferred to 
kinetic energy. [22] 
Aslow
∗ + Bslow  → Afaster  + Bfaster   (1.3) 
An imposed electric and magnetic field will apply forces to any charges in discharge 
volume. Hence the Lorentz force combines the electric and magnetic effects for a charge [22] 
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F =  q(E +  v × B)   (1.4) 
here: q is the quantity of charge; E is an electric field; v is velocity; B is the flux density.  




2 = eV  (1.5) 
eV = ∫ eEdx
x
0
  (1.6) 
Simply gas discharge has the form of [23] 
e +  A → 2e +  A+  , A+  +  M →  A + M+  + e    (1.7) 
During gas discharge, five phases may be observed: spot regime, streamer discharge, glow 
discharge, filamentary regime, and arc phase [24]. For the duration of the spot regime, discharge 
is concentrated within several spots. In streamer discharge, electrons drift from cathode to anode 
and sheet of blue ionized medium gas is observed. In glow discharge, there are set of nearby 
glowing spot around electrodes. Next, at filamentary phase, the current concentrate at within a few 
filaments when the voltage is increased [24]. After a conductive plasma channel has linked the gap 
between electrodes, current can flow freely during the arc regime. [25]. Throughout the streamer 
regime, the voltage is high, the current is low, and nearly entire electric energy is transferred to the 
discharge. On the other hand, In the arc phase, the current is high, voltage is low, and the electric 
energy is dissipated to cathode heating [25,26]. One way to prevent glow-to-arc transition and 
stabilize plasma is to use a dielectric barrier between electrodes [24,26]. 
Dielectric Barrier Discharge Plasma Actuators 
Dielectric barrier discharge (DBD) generated between two electrodes separated by a 
dielectric barrier ((Figure 1-1). High voltage is applied between the electrodes to generates 
discharge, which ionizes the air over covered electrode [27]. The dielectric layer between 
electrodes prevents glow-to-arc transition by avoiding circuit to close [24,26]. Without dielectric 
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layer, when the voltage goes beyond breakdown voltage, the resistance between the electrodes 
decreases and the electrical energy is spent on heating the electrodes. On the other hand, the 
dielectric layer ensures that all energy is devoted to the gas [25].  
 
Figure 1-1 - Schematic view of the AC-DBD plasma actuator 
DBD plasma actuator can be categorized by the type of their power source excitement. The 
most common methods are using sinusoidal AC high voltage and nanosecond pulsed DC high 
voltage. Alternating current driven AC-DBD and high voltage repetitive nanosecond pulse-driven 
NS-DBD have the same arrangements, but they have different working principles. 
AC-DBD plasma 
AC-DBD plasma actuators utilize high voltages applied with a sinusoidal waveform at low 
frequencies (Figure 1-2). Above the breakdown voltage, a plasma sheet appears along the surface 
of dielectric above the covered electrode.  
During the first half of the AC cycle, electrons move from the exposed electrode to the 
dielectric layer, and positive ions pulled towards the exposed electrode. In the second half of the 
cycle, electrons will be released from the dielectric surface to the exposed electrode, and ions move 
towards reverse direction [28]. The ions transfer their momentum to neutral molecules in gas via 




Figure 1-2 – Current and Voltage trace of AC-DBD 
NS-DBD plasma 
Physical layout NS-DBD is same as AC-DBD. However, instead of AC wave, NS-DBD uses short 
(10-50ns) high voltage pulses to generate plasma ((Figure 1-3). NS-DBD actuator does not induce 
momentum into the air; the main mechanism is energy transfer and heating of the discharge region 
[30].  
 




Thermal Effects of DBD Plasma Actuation  
All energy generated in plasma converts into heat with a small fraction spent in surface 
chemistry [22]. The total heat generated in the plasma is a portion of the consumed electrical 
power and is reliant on the electrical parameters such as voltage, frequency, waveform, pulse 
duration [30–33].  
Heating of air 
In paper [34], numerically investigated the rapid heating mechanism of nitrogen and air in 
gas discharges and developed a kinetic model. Gas heating dynamics modeled for recombination 
of molecular ions with electrons, dissociation of nitrogen and oxygen molecules by electron 
impact, quenching of the electronically excited states of nitrogen molecules by oxygen molecules, 
quenching of the excited atoms O(1D), reactions of the VT relaxation of the vibrational levels 
N2(v). According to this model, preliminary dissociation reactions of highly excited electronic 
states of oxygen molecules are the main reason for the gas heating process. These highly excited 
electronic states of oxygen molecules are produced either by electron impact or during the 
quenching of the excited states of N2 molecules. However, it should be noted that calculated results 
in this study are at low gas pressures. 
 Development of model presented in [34] was offered in [35]. The earlier study [34] covered 
gas discharges in low reduced electric fields (E/N < 250 Td) and the paper [35] included 
calculations of higher reduced electric fields and high gas pressures as well. Influence of electron 
ion recombination reactions at low electric fields is negligible [35]. However reactions of electron 
ion recombination can have an impact on gas heating [35,36]. At E/N > 300Td, reactions of 
dissociation of nitrogen molecules by electron impact becomes significant, and at E/N > 400Td, 
energy spent on the ionization of N2 molecules are substantial [35].  
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Popov [35] calculated the contribution of reactions to fast air heating at atmospheric 
pressure. Dissociation reaction of N2 molecules by electron impact and reactions of charged 
particles becomes influential at E/N > 600–700 Td. According to [35], conversation into fast 
heating cannot be more than 40% of discharge energy for E/N<1000Td in the air.  
 In paper [36] fast gas heating mechanism of NSDBD is investigated, and this study was 
extended to lower pressures and other N2/O2 mixtures in paper [37]. In [36] it was revealed that 
50% of the discharge power of surface dielectric barrier discharge could be transferred into heat 
for 1µs at atmospheric pressure in high electric fields (∼103 Td). The fraction of the discharge 
energy converted into heat from molecular internal and chemical degrees of freedom was estimated 
as 35±5% from the total discharge energy during the discharge phase, the fraction of energy 
conversion was 61 ± 5% during 1µs.  
 In paper [36] also offered a kinetic model to simulate fast heating of air plasmas under high 
electric field and atmospheric pressure conditions. This model takes into account collisional 
electron-impact excitation of high energy states, quenching of high energy states, ion–molecule 
reactions, electron–ion and ion–ion recombination. The characteristic time of gas heating is 
between 0.3–5 ns when the pressure is 1 atm [36]. At high reduced electric fields (103 Td), 
reactions of electron-impact excitation of molecules followed by dissociation and quenching of 
the excited states and electron-impact ionization followed by the recombination of charged 
particles and other ion–molecule have the main influence to fast gas heating [37]. 
In paper [38], the rotational and vibrational temperatures of hot gas are obtained using 
emission spectroscopy for a dielectric barrier discharge (DBD) in atmospheric pressure at room 
temperature. The spatially resolved rotational temperature of N2 is decreased from 393 to 342±10 
K for 12.8kV and 341 to 325±10 K for 8kV along induced flow direction; the spatially resolved 
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rotational temperature of N2+ is decreased from 497 to 447±15 K for 12.8kV and 439 to 420±15 K 
for 8kV. The vibrational temperature ranged from 3250 to 2850±300 K for 12.8kV. Please note 
that there is a discrepancy of rotational temperatures between N2 and N2+.  Since the emission 
spectrum is dominated by N2 bands and weak intensity N2+ bands [39], using these N2+ bands will 
result in uncertainty in temperature determination [40].  
Dong et al. [40] obtained a vibrational temperature of 3000K and a rotational temperature 
of 380 K for 1 kHz and 7 kV amplitude. Increasing frequency to 2 kHz caused the rotational 
temperature of plasma to rise to 420 K while vibrational temperature did not change significantly. 
These results are in good agreement with [38]. It is easy to achieve the equilibrium between 
molecules in the rotational states and the neutral gas molecules because the rotational excitation 
energy is small and the transition time is short [40]. Thus, the plasma temperature can be 
determined from the rotational temperature of N2.  
Borghi et al. [39] investigated properties of AC-DBD in a wind tunnel. Schlieren imaging 
was used for evaluation of the thermal boundary layer and the plasma thickness, and emission 
spectroscopy is used to obtain vibrational and rotational temperatures of gas. It was found that the 
plasma volume lessens under the influence of the airflow. Without external flow, plasma thickness 
was measured as 100µm, whereas with the external flow, plasma thickness was less than 100µm. 
Vibrational temperature decreases with increasing airflow speed. Increasing current frequency 
causes the vibrational temperature to drop due to the reduction of electron-ion collision rate by 
increasing frequency. The rotational temperature increases as frequency increases. It was predicted 
that when airflow velocity increases, flow cools down the plasma temperature. Unexpectedly, the 
rotational temperature increased with the flow speed.  Outer layers of plasma were found to be 
colder than plasma core [39]. In the quiescent air, the volume of plasma is larger, and the 
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temperature gradient is lower. On the other hand, in the presence of external airflow, the volume 
of plasma becomes narrow, and the temperature gradient is higher in the plasma core [39]. 
Jukes et al. [41] measured the temperature variation around a DBD plasma actuator with a cold-
wire probe in quiescent air. Temperature profiles show a difference of 2 °C of air temperature at 
1mm above the plasma surface.  
Heating of dielectric barrier 
Convective heat transfer into dielectric layer from the hot gas flow is the main mechanism 
of the temperature increase of dielectric surface [31].  Authors of paper [32] experimentally 
investigated the surface temperature of the dielectric layer by infra-red thermal imaging in 
quiescent air and with an external flow. Their results demonstrate that dielectric temperature 
increase for 24 kVPP and 1 kHz in 30 s of plasma actuation is 8 °C and 22 °C with a laminar flow 
and without an external flow, respectively. Tirumala et al. [31] investigated the effect of dielectric 
barrier thickness using IR thermography in the quiescent air and compared with the result of [32]. 
Under same voltage amplitude, the surface temperature increases with decreasing dielectric 
thickness, because of higher power consumption [31].  
Winkel et al. [42] examined three different materials (Kapton, porous plastic Polyamide, 
and Silicon rubber) and compared their effect on the energy deposition of NS-DBD plasma 
actuators. Even though energy transfer is lower, more energy is transferred to the air when the 
dielectric barrier is made out of Kapton.  
DBD Plasma Applications 
Flow control 
Plasma actuation has grown the attention of researchers in last two decades for flow control 
purposes. Moreau [24] reviewed plasma actuators, and Corke et al. [28] provided an overview of 
dielectric barrier discharge (DBD) plasma actuators as active flow control devices. DBD plasma 
11 
 
actuator has the ability to effectively manipulate air flow by inducing electric wind. During the 
plasma actuation separated flow can reattach to the airfoil and the lift coefficient is higher at 
original stall conditions, and stall angle of attack is increased [43].  
Anti/de-Icing  
There are a few number studies of using plasma actuators as in-flight anti-/de-icing devices 
[44,45]. Cai et al. [44] investigated the influence of high voltage on the surface temperature of AC-
DBD plasma actuator in still air and during the anti-icing and de-icing period on a cylinder model 
in icing wind tunnel at -20 ºC temperature and 15 m/s wind speed. Measurements showed that 
surface temperature increased with the operation time and applied voltage. There was no ice 
accretion on the surface of the cylinder model during 180 s. of plasma actuation for the anti-icing 
test, and the power consumption of unit area was 13 kW/m2. 5 mm thickness of ice later was 
removed from the surface of the cylinder model in 150 s. of plasma actuation during the de-icing 
test.  
Broecke [45] tested de-icing capabilities of ns-DBD plasma actuators at -20°C in a cold-
climate chamber. The author composed snow on the actuator, using an ice spray gun, and observed 
melting of ice under various voltages and pulse frequencies. IR measurements showed that ns-
DBD plasma actuator increased the surroundings temperature from -20°C to 6.3°C. 
 First plasma based anti-icing study on and typical airfoil/wing model was performed by 
Zhou et al. [15]. The study showed that the DBD plasma actuators can be successfully employed 
on airfoil surface and is used as a promising anti-icing device for aircraft icing mitigation. 
Other Applications 
Besides of flow control and recently developed anti-icing applications, dielectric barrier 
discharges are used in industrial for ozone generation, depollution, surface treatment [46–48] and 
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Abstract 
Plasma based anti-icing systems have received increased interest in recent years for aircraft 
icing mitigation. Dielectric barrier discharge (DBD) plasma actuators have the ability to induce 
thermal effects in addition to momentum transfer, which makes DBD plasma actuators suitable for 
multipurpose (i.e., flow control, anti-/de-icing). In the present study, thermal and mechanical 
effects of AC-DBD plasma actuations were investigated parametrically. While thermal 
characteristics of AC-DBD plasma actuation were revealed by Infrared (IR) thermal imaging 
system, thrust was measured with a balance to explore mechanical effect. Results show that, 
thermal and mechanical effects AC-DBD plasma actuators have linear relationship with the input 
plasma power at the glow state of plasma and plasma power is dependent on parameters such as 
voltage input, dielectric layer thickness and dielectric constant. As power input passes the glow 
state, localized plasma streamers are developed. The fraction of thermal energy release became 
higher and produced thrust stopped increasing. It is suggested that input energy spent for 
mechanical effect transforms into thermal energy during the streamer state of plasma.  
Introduction 
Dielectric barrier discharge (DBD) plasma actuators have the capability of momentum transfer 
with fast response rate without any moving parts. This unique characteristic of DBD plasma has 
drawn extensive attention of researchers in flow control field in last two decades. By introducing 
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high voltage, discharge is generated in between electrodes which are seperated by a dielectric layer 
[1,2]. Momentum transfer is achieved by directly converting electric energy into kinetic energy. 
Electric wind induced by plasma discharge attracts the surrounding air and creates an airflow. This 
ability has been utilized for flow separation control, drag reduction and lift improvement [1–5]. 
However, at high free stream velocities, AC-DBD plasma actuators were found to be ineffective 
due to the velocity of induced flow is limited to 8m/s [1].  
Besides induced airflow, thermal energy is also generated by plasma actuation.  Plasma flow 
control was considered as “inefficient” in terms of energy conversation due to thermal energy 
release [1]; however, this feature of DBD plasma has been leveraged for aircraft icing mitigation 
[6–12].  
Because of the thermal energy generation, surface temperature of DBD plasma actuator dielectric 
layer increase significantly during plasma actuation [13]. The heating of the surface is caused by 
heat transfer from the plasma [14,15].  During the discharge, temperature of the gas at plasma 
region can be significantly high as rotational temperature of the gas can be 400K at the edge of 
exposed electrode [16]. Recently study of Rodrigues et al. [17] provided thermodynamic analysis 
for dielectric layer of plasma actuators. 
In the present study, a parametric study was conducted to investigate thermodynamic 
characteristics of AC-DBD plasma actuators for the purpose of icing mitigation. The effect of input 
voltage, dielectric layer type and its thickness on thermal energy release and power consumption 
was investigated. Thermal characteristics of AC-DBD plasma actuation over a flat plate in 
quiescent air was revealed by Infrared (IR) thermal imaging system. Additionally, simultaneous 




Experiments were performed on a flat plate in quiescent air on room temperature. Plasma actuators 
were employed on an acrylic glass base plate. 70 µm thick adhesive copper tapes placed on the 
base plate, used as ground electrode. An exposed ~70 µm thick, ~95 mm long copper electrode 
was placed at the edge of ground electrode, separated by variety of dielectric layers. Plasma 
achieved by applying high voltage to exposed electrode. A schematic of a plasma actuator can be 
seen in Figure 2-1. 
 
Figure 2-1 Schematic of DBD plasma actuator 
During the experiments, the DBD plasma actuators were powered by a high-voltage alternating 
current power source (Nanjing Suman Company, model CTP-2000 K). Voltage and current 
measurements were obtained from a high-voltage probe (Textronix P6015) and a current probe 
(Pearson model 2877). The voltage and current signals were monitored by Tektronix MDO3102 
mixed domain oscilloscope. The power consumption of plasma actuators was calculated using:  
(2.1) 
 
Where V(t) and I(t) are the instantaneous voltage and current applied on the plasma 
actuator, and T is the total measurement period which contains about eight AC cycles. Typical 
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Figure 2-2. Typical voltage and current trace during plasma actuation. 
Temperature maps during the plasma actuation over the surface was achieved with an 
infrared thermal imaging system (FLIR-A615). IR thermal imaging system was mounted above 
the flat plate at a distance of 0.3 m. IR thermal imaging was started simultaneously with plasma 
actuation and recorded with a frequency of 50 Hz. IR camera calibration that takes different 
material emissivity into account was performed. Exposed electrodes were covered with PVC tape 
to avoid any reflection from the copper tape.    
In addition to surface temperature measurements, simultaneous force measurements were 
performed using Veritas M 214 analytical balance with a resolution of 0.00098 mN. A flat plate 
placed into the balance vertically. High voltage was delivered to the electrodes by 0.05mm thick 
copper wires. Wires were kept loose to avoid any tension to affect thrust readings.  
Results and Discussion 
Effect of Dielectric Layer Type, Thickness and Voltage Input 
In the first part of the study, heating of dielectric layer surface by a DBD plasma actuator was 
tested on a flat plate in quiescent air under different experiment groups to investigate the effect 
of voltage input, dielectric layer type, and dielectric layer thickness. Experimental cases can be 
seen in table 2-1. The surface temperature was measured with an IR imaging system.  
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Table 2-1- Test cases 
Test Group Dielectric layer Thickness (mm) Voltage (kV) 
 
 







































Figure 2-3 shows the time evolutions for the surface temperature distributions over the 
dielectric layer of plasma actuator operated with 20kV and 6kHz. The exposed electrode was 
masked in the IR images due to the reflections and low emissivity of the copper. It can be seen 
from the Figure that at the beginning, temperature of the dielectric layer was same with the ambient 
temperature. After plasma actuator was turned on, the temperature of dielectric layer under the 
plasma gas increased immediately. As the time goes on, heated surface extends further downstream 
of the plasma region with conductive heat transfer. The edge of exposed electrode had the highest 
temperature and it increased more than 70°C after 60 seconds. 
Surface temperature of the flat plate was measured for several voltage inputs of AC-DBD 
plasma actuation. 0.8 mm thick Kapton tape used as dielectric layer due to its high thermal 
resistivity.  Figure 2-4a shows the average surface temperature increase of the dielectric layer 
indicated by white dashed line in Figure 2-3d. Figure 2-4b shows the spanwise-averaged 
temperature profile.  In Figure 2-4, relatively low voltage input (2-6 kV) induced heat was not 
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effective and the temperature increase over time was minimal. It was also shown in Figure 2-5b 
that only the edge of exposed electrode was affected with a few degrees increase and there was no 
temperature increase as we go further from the exposed electrode. Higher voltage input (12-15kV) 
resulted in more effective temperature increase. The average surface temperature increased rapidly 
at the beginning of the actuation and slowly reach to steady state. It can be seen from Figure 2-5b 
that highest temperature regions were still close to the edge of exposed electrode with higher peaks. 
At highest voltage input (20kV), the average surface temperature increase was steeper and can 
reach more than 40°C in one minute due to extremely high thermal energy release. Peak 
temperature increase was 38°C near the electrode while it was a significant 5°C increase at 20mm 
from the exposed electrode after 10 seconds of actuation.  
  
Figure 2-3. Time evolutions for the surface temperature distributions. V=20kV, f=6kHz, 0.8mm 





(a)                                                                            (b) 
Figure 2-4. Surface temperature increase in time. Influence of voltage 
Surface temperatures of different dielectric layers (i.e., Kapton, PTFE, PVC) were 
measured under same high voltage input, 12kV, and frequency, 6kHz. The thickness of all three 
dielectric layers were 0.35 mm. Figure 2-5a and Figure 2-5b show the average surface temperature 
of dielectric layer in time and average surface temperature in distance from the electrode after 10 
seconds of plasma actuation. It can be seen from the Figure 2-5 that the temperature of PTFE and 
Kapton surface increased 8°C and 12°C, respectively, while PVC layer shows extensive 27°C 
increase in temperature after 60 seconds. As Kapton and PTFE surface temperature slowly 
approach to the steady state in time, temperature increase was particularly greater in PVC case. In 
Figure 2-5b, at 10th second of plasma actuation, surface temperature increase peaks up to 15°C, 
20°C, 35°C on PTFE, Kapton and PVC, respectively. 
 
Figure 2-6 shows the influence of dielectric layer thickness on the surface heating in time 
and as a function of the distance from the electrode. Thermal energy release was investigated with 
15kV voltage input and 6kHz frequency by only varying the thickness of the Teflon dielectric 
layer. A thinner dielectric layer resulted more thermal energy release and higher surface 
temperature in time and over the distance from the electrode. In the case where the dielectric layer 
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was thickest (6.35mm), despite having a 15kV voltage potential, no discharge was observed with 
naked eye and surface temperature remained unchanged. It is suggested that thermal energy 
induced by plasma discharge is the main source of surface heating.  
(a)                                                                            
(b) 
Figure 2-5. Surface temperature increase in time. Influence of dielectric layer type. 
Manley [18] proposed a method to calculate the power consumption of discharge by using 
Lissajous Figures in 1943. Energy deposited into discharge in one AC period is determined from 
the enclosed area of the voltage versus charge diagram, the power formula is written as [18–20]:  
  
2










(a)                                                                            (b) 
Figure 2-6. Surface temperature increase in time. Influence of dielectric layer thickness. 
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Here, f is frequency, 
minV is minimum voltage input the generate discharge, maxV is the 
maximum voltage input, 
aC is the capacitance of air and dC is the capacitance of dielectric layer.
C is defined as: 
(2.3) 
Here,  is dielectric constant,
0 is vacuum permittivity, A  is area and d  is dielectric layer 
























Equation 4 suggest that increasing the parameters such as voltage, maxV , and dielectric 
constant, d , would increase the dissipated power where increasing dielectric layer thickness, dd
, would reduce the power consumption. It can be seen in Figure 2-7 that change in parameters such 
as voltage, thickness and dielectric constant (permittivity) affect the temperature and power 
similarly. Increasing power consumption gives a rise to thermal energy generation, hence the 
increase in surface temperature. 
Relationship of Momentum Transfer and Thermal Energy Release 
In this part, DBD plasma actuator made with 3.17 mm Teflon dielectric layer tested for 
high voltage inputs ranging from 10kV to 40kV with 8kHz frequency. Using a thick dielectric 
layer allowed wider range of voltage input without damaging the actuator. Surface temperate 










Figure 2-7. The power consumption and the measured average temperature over the flat plate 
after 60 s of plasma actuation versus (a) voltage input, (b) dielectric layer thickness (c) dielectric 
constant. 
Figure 2-8 shows the measured temperature distribution over the flat plate after 60 s of 
plasma actuation under different voltage input and Figure 2-9 shows the corresponding spanwise-
averaged temperature profiles along the plate. It can be seen from the both Figure 2-8 and Figure 
2-9 that, at low voltage input, plasma formation is weak and surface temperature is not significant. 
Temperature of the surfaces was highest at the edge of exposed electrode and gradually decreased 
further downstream. Up to 34kV, the temperature remained consistent along span of the actuator 
as the plasma formation was uniformly distributed at “glow” state. Starting from the case where 
voltage input was 36kV, extremely hot localized regions were observed. These high temperature 




Figure 2-8. The measured temperature distribution over the flat plate after 60 s of plasma 
actuation under different voltage input. 
 
Figure 2-9. The spanwise-averaged temperature profiles along the flat plate after 60 s of plasma 
actuation under different voltage input.  
Figure 2-10 shows the average surface temperature after 60 s of plasma actuation and in 
produced thrust under different voltage inputs and Figure 2-11 shows temperature and thrust under 
corresponding power input. It can be seen from Figure 2-10 that temperature increase and produced 
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thrust followed the same trend before plasma glow translated into streamers. At the voltages where 
streamers appeared (i.e. 36-40kV), the average surface temperature increased significantly while 
produced thrust remained same. Both temperature and induced thrust have linear relationship with 
power consumption before 36kV voltage input. As plasma glow turned into plasma streamers, 
increased power input did not contribute to thrust production. However, temperature increase 
became steeper.  
When plasma is at glow state, the fraction of energy input that is converted into thermal 
energy and kinetic energy remain constant. When the applied voltage is too high, plasma becomes 
localized and dense that streamer filaments start to form. Streamers limit the thrust production, 
however; dissipated power increases as applied voltage increased [21]. It is found that streamers 
filaments give a rise to power dissipation in the form of thermal power. The fraction of electrical 
energy converted into thermal energy is higher after streamers appear.  
 
 
Figure 2-10. Averaged surface temperature over the flat plate after 60 s of plasma actuation and 




Figure 2-11. Averaged surface temperature over the flat plate after 60 s of plasma actuation and 
measured thrust versus power input 
Conclusion 
In the present study, a parametric experimental study was performed to explore thermal 
characteristics of AC-DBD plasma actuators. The parametric study was conducted in quiescent air 
at room temperature. Thermal characteristics of AC-DBD plasma actuation over a flat test plate 
under different plasma operational parameters were revealed by using infrared (IR) thermal 
imaging system. The effect of input voltage, dielectric layer type and its thickness was 
systematically investigated. Thrust produced by the plasma ionic wind was measured 
simultaneously with analytical balance to investigate the relationship of thermal and kinetic effect. 
It is found that, surface heating process of AC-DBD plasma actuation is determined by 
operational parameters such as voltage, dielectric layer thickness and type. An Increase of voltage 
and dielectric constant give a rise to plasma power, while it is dropped with increasing dielectric 





Simultaneous thrust and temperature measurements show that thermal energy generation 
and kinetic energy generation increase linearly with increasing plasma power and have the same 
trend during the glow state of plasma. With increasing power, glow plasma turns into localized 
streamer filaments, fraction of power spent for thermal power increase and thrust generation reach 
plateau. 
The findings derived from the results of this experimental study provide better 
understanding of plasma thermodynamics and could be used for the design of more effective 
plasma based anti-/de-icing system for aircraft icing mitigation. 
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Abstract 
A comparison study of a novel method of utilizing thermal effects induced by Dielectric-
Barrier-Discharge (DBD) plasma actuation (i.e., DBD plasma-based method) and a conventional 
electrical heating method for aircraft icing mitigation was performed in an Icing Research Tunnel 
available at Iowa State University (i.e., ISU -IRT). A NACA0012 airfoil/wing model embedded 
with an AC-DBD plasma actuator and a conventional electrical film heater over the airfoil surface 
was tested under a typical aircraft icing condition. While a high-speed imaging system was used 
to record the dynamic ice accretion and transient surface water transport processes over the airfoil 
surface, an infrared (IR) thermal imaging system was also utilized to map the corresponding 
surface temperature distributions over the airfoil surface simultaneously to quantify the unsteady 
heat transfer and phase changing process over the ice accreting airfoil surface. It was found that, 
with the same power input, the DBD plasma-based method was found to have at least equivalent 
effectiveness, if not better, in preventing ice accretion over the airfoil surface, in comparison the 
conventional electrical heating method.  Further optimization of the DBD plasma-based method 
with a duty-cycle modulation was found to have a much better anti-/de-icing performance, in 
comparison to the conventional electrical heating method. The findings derived from the present 
study demonstrated the potential of a new class of anti-/de-icing strategy by leveraging the thermal 




Ice accretion on aircraft surfaces has been widely recognized as a significant safety hazard 
in cold weathers, especially when aircraft travel through clouds with supercooled water droplets 
suspended.  Many aviation accidents have been reported attributing to ice accretion on aircraft.  
Petty and Floyd [1], who summarized the accidents caused by aircraft icing, and found that there 
were more than 800 fatalities resulting from ice accumulations in the past 20 years.  Depending on 
the flight conditions and environmental parameters, the in-flight ice accretion can be either rime 
or glaze [2].  When the ambient temperature is relatively cold (i.e., typically below -10 °C) and 
the airflow is dry with a lower liquid water content (LWC), supercooled water droplets would 
freeze immediately upon impact on the aircraft surface, forming rime ice. At warmer temperatures, 
i.e., just below the water freezing temperature, if the LWC level in the airflow is relatively high, 
the impinged supercooled water droplets would freeze partially, with the remaining water mass 
transporting along the surface prior to freezing downstream, forming much complex ice shapes, 
which is called glaze ice. Because of its wet nature, glaze ice tends to extend further and 
substantially deform the ice accreting surface with the formation of “horns” growing outward in 
the airflow, causing large scale flow separations. Glaze icing is considered to be more dangerous 
since it usually leads to much more dramatic increases in drag and decreases in lift [3]. Although 
many efforts have been made in recent years [4–11], aircraft icing remains an important unsolved 
problem that is threatening the aviation safety. 
While a number of anti-/de-icing systems have already been developed and implemented 
for aircraft icing mitigation, i.e., freezing-point depressants, thermal melting, and surface 
deformation [12], current anti-/de-icing strategies suffer from various drawbacks. For example, 
aqueous solutions of propylene and ethylene glycol (minimum of 50% concentration) along with 
other chemical additives are widely used for aircraft anti-/de-icing at airports [13]. Propylene and 
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ethylene glycol, although readily biodegradable, exert an extremely high biochemical oxygen 
demand on aquatic systems that result in killing fish and other aquatic creatures due to the depletion 
of dissolved oxygen [14]. There has been an increasing concern of the environmental impacts from 
the aircraft anti-/de-icing fluid swept away with storm and melt water runoff at airports to ground 
water and nearby waterways [15]. Pneumatic de-icing systems with rubber boots have been used 
to break off ice chunks accreted at airfoil leading edge for aircraft in-flight icing mitigation, but 
they are usually very heavy and sometimes unreliable [16]. Ultrasonic and mechanical de-icing 
solutions are not easily integrated into existing aircraft and pose foreign object damage (FOD) 
hazards to engines [16]. While electro-thermal de-icing systems have also been used to melt out 
ice by heating aircraft wing surfaces, they are usually very inefficient and have demanding power 
requirements, and can also cause damage to composite materials from overheating. Furthermore, 
the melted water may simply run back and re-freeze at a downstream location to cause uncontrolled 
ice accretion [16]. In looking to improve the operational performance of aircraft in cold weather, 
methods and techniques for more efficient anti/de-icing performance but with less complexity and 
adverse environmental impacts are highly desirable. 
 
 
Figure 3-1: A DBD plasma actuator with two electrodes attached to the opposing surfaces of 
a dielectric layer. 
 
Dielectric barrier discharge (DBD) plasma actuation is a type of discharge producing an 
ionized gas at the dielectric surface by the application of high amplitude and high frequency of 
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Alternative Current (AC) voltage (i.e., AC-DBD) or nanosecond-scale pulsed voltage (i.e., ns-
DBD) between two electrodes separated by a dielectric layer. The use of DBD plasma actuators 
for active flow control has gained significant interest in the aerospace engineering community 
[17,18], with its unique advantages including absence of moving components, fast response time, 
easy implementation and stable operation. Figure 3-1 shows schematically a general configuration 
of a DBD plasma actuator, which has two electrodes (i.e., exposed electrode vs. encapsulated 
electrode) attached to the opposing surfaces of a dielectric barrier material. For AC-DBD plasma 
actuation, powered by an alternating current, ionized air molecules are formed in the discharge 
region above the encapsulated electrode, inducing a small fluid velocity adding momentum to the 
boundary layer.  For ns-DBD plasma actuators, they usually induce an ultrafast gas heating 
mechanism eventually leading to the generation of a shock wave [19–22]. The plasma discharge 
generates an ionic airflow along the surface of the dielectric layer, which has been widely used for 
flow manipulation such as separation control on airfoils [23–25] and delay/promotion of boundary 
layer transition [26,27]. Therefore, DBD plasma actuators are usually designed to be located at the 
regions where the aerodynamic characteristics alter greatly as incoming flow changes, e.g., airfoil 
leading edges and duct lips of aero-engines. It should be noted that, such aerodynamically delicate 
regions are always the preferential sites of in-flight ice accretion in cold weathers [28]. Inspiringly, 
DBD plasma actuators have also been revealed to have significant thermal effects along with the 
ionic wind generation [29,30], which can be utilized for icing control as an additional function of 
the DBD plasma actuators. 
As revealed by Stanfield et al. [29] and Dong et al. [30], during a DBD plasma discharge, 
the rotational temperature of the gas above the grounded electrode of the DBD actuator can be up 
to 200 °C, while the vibrational temperatures were observed to be an order of magnitude higher 
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than the rotational temperature. They also found that the primary mechanism for the heating of the 
dielectric layer is through heat transfer from the plasma, i.e., through direct injection, convection 
and radiation, while only a small portion is contributed to the power dissipation within the 
dielectric layer. Previous studies also revealed that the maximum temperatures are always located 
near the edge of the exposed high-voltage electrode [31]. To further characterize the thermal 
effects of DBD plasma discharge, Tirumala et al. [32] conducted infrared thermography 
measurements on the surface of a thick dielectric DBD plasma actuator. It was found that the 
predominant mechanism of dielectric heating is due to the heat transfer from the plasma to the gas 
which then heats up the dielectric surface through forced convection. The increase in temperature 
was found to have linear relationship with both the applied voltage and the input frequency. 
Adopting the thermal effects of DBD plasma actuation, Cai et al. [28] conducted a feasibility study 
to investigate the anti-/de-icing performance of an AC-DBD plasma actuator on an ice accreting 
cylinder model, and found that the AC-DBD plasma actuator was very effective in both anti-icing 
and de-icing operations. Recently, a ns-DBD plasma actuator was also examined in the de-icing 
operation of an iced plate [33]. With the ultrafast heating process of the ns-DBD plasma actuator, 
the ice layer formed on the test plate was effectively removed. In spite of the advances made in 
the development of DBD plasma actuators for icing control [28,33], the thermal physics of DBD 
plasma discharge and its applicability for aircraft in-flight icing mitigation, especially about the 
anti-/de-icing performance of a DBD plasma-based method in comparison with those of 
conventional electrical heating strategies, remain unexplored. With this in mind, we conducted an 
experimental study to evaluate the anti-/de-icing performance of a DBD plasma-based method, in 
comparison to that of a conventional electrical heating method, for aircraft in-flight icing 
mitigation applications.  
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In the present study, while an AC-DBD plasma actuator was fabricated and implemented 
over one side of an NACA 0012 airfoil/wing model, a conventional electrical film heater was flush 
mounted on the other side of the airfoil/wing model. An experimental instigation was conducted 
to provide a side-by-side comparison between the DBD plasma actuator and the conventional 
electrical film heater in preventing the ice formation and accretion over the airfoil surface under a 
typical glaze icing condition.  The experimental study was conducted in a unique Icing Research 
Tunnel available at Iowa State University (i.e., ISU-IRT). While a high-speed camera was used to 
capture the transient details of the dynamic ice accretion and water transport processes over the 
airfoil surface, an infrared thermal imaging system was utilized to map the surface temperature 
evolutions during the dynamic ice accretion process or anti-/de-icing process with the AC-DBD 
plasma and the electrical film heater turned on. The temporally-synchronized-and-resolved 
measurements enabled the correlation between the icing-morphology and surface temperature 
distributions, which was used to elucidate the underlying physics pertinent to the thermal energy 
transfer in the DBD plasma actuation process, thereby, to improve our understanding about the 
working mechanism of the DBD plasma-based method for aircraft icing mitigation. 
Experimental Setup and Test Model  
The comparison study of AC-DBD plasma actuation and electrical film heating methods 
for icing mitigation was performed in a unique Icing Research Tunnel available at Aerospace 
Engineering Department of Iowa State University (i.e., ISU-IRT) [7]. As shown schematically in 
Figure 3-2, ISU-IRT is a multifunctional icing research tunnel with a test section of 2.0 m in length 
× 0.4 m in width × 0.4 m in height with four side walls being optically transparent. It has a capacity 
of generating a maximum wind speed of 60 m/s and an airflow temperature down to −25 °C. An 
array of 8 pneumatic atomizer/spray nozzles are installed at the entrance of the contraction section 
of the icing tunnel to inject micro-sized water droplets (10 ~ 100 μm in size with a MVD  20 μm) 
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into the airflow. By manipulating the water flow rate through the spray nozzles, the liquid water 
content (LWC) in ISU-IRT could be adjusted (i.e., LWC ranging from 0.1 g/m3 to 5.0 g/m3). In 
summary, ISU-IRT can be used to simulate atmospheric icing phenomena over a range of icing 
conditions (i.e., from dry rime to extremely wet glaze ice conditions).  
A NACA 0012 airfoil/wing model was used in the present study, which was made of a 
hard-plastic material and manufactured by using a rapid prototyping machine (i.e., 3-D printing) 
that builds 3-D models layer-by-layer with a resolution of about 25 microns.  The wing model has 
a chord length of c = 150 mm, which spanned the width of the test section of ISU-IRT.  Supported 
by a stainless-steel rod, the airfoil/wing model was mounted at its quarter-chord and oriented 
horizontally across the middle of the test section. 
 
Figure 3-2: A schematic of the icing research tunnel and experimental setup used in the present 
study. 
Figure 3-3 shows the schematic of the AC-DBD plasma actuator and the electrical film 
heater embedded over the NACA0012 airfoil/wing model. The plasma actuator consisted of four 
encapsulated electrodes and five exposed electrodes, with the same thickness of about 70 µm.  In 
the present study, three layers of Kapton film (i.e., 130 µm for each layer) were integrated to serve 
as the dielectric barrier to separate the encapsulated electrodes from the exposed electrodes.  
Ranging from the leading-edge position to about 27% chord length of the airfoil model, four 
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encapsulated electrodes were distributed evenly along the airfoil model with a separation distance 
of 3 mm.  The length of the encapsulated electrodes was about 350 mm, and the width was 10.0 
mm (except the one at the leading edge which was 5.0 mm).  As reported by Waldman and Hu [7], 
since most of the ice would be formed around the leading edge of the airfoil/wing model, the width 
of the first encapsulated electrode was reduced to 5.0 mm in order to generate more plasma near 
the airfoil leading-edge for a successful anti-/de-icing operation in the region, while the 
encapsulated electrodes were attached symmetrically around the leading edge of airfoil.  As for 
the exposed electrodes (i.e., 96 mm in length and 3.0 mm in width), they were placed right above 
the covered electrodes with zero overlap between the exposed and covered electrodes. As clearly 
shown in Figure 3-3, an electrical film heater (i.e., Kapton® Polyimide Film insulated heater, 
which was selected due to its good operational performance among the electrical film heaters 
available on the market), was embedded on the other half side of the surface for the airfoil/wing 
model. The electric film heater consists of an etched foil element of 0.013 mm thickness that is 
encapsulated between two layers of 0.05 mm Polyimide Film and 0.025 mm FEP adhesive tape.  
The coverage area of the film heater is 50.8 mm ×101.6 mm. As shown in Figure 3-3, a DC power 
source was used to power the electrical film heater. 
 
Figure 3-3: Schematic of a NACA 0012 airfoil/wing model with the AC-DBD plasma actuator 
and electrical film heater attached side-by-side on the surface. 
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In the present study, a typical glaze icing condition was generated in ISU-IRT as described 
in 14 CFR Part 25 Appendix C [36] (i.e., at the freestream air velocity of U∞ = 40m/s, LWC = 1.0 
g/m3, and airflow temperature of T∞ = -5 °C). The angle of attack (α) of the airfoil model was set 
at α= 0° during the experiments.  The DBD plasma actuator was wired to a high-voltage AC power 
supply (Nanjing Suman Co., CTP-2000K), which can provide a maximum 30kV peak-to-peak 
sinusoidal voltage with a center frequency of 10 kHz.  While the AC current applied to the plasma 
actuator was measured by using a high response current probe (Pearson Electronics, Inc., Pearson 
2877), the high-amplitude voltage was measured by using a high voltage probe (i.e., P6015A from 
Tektronix), and monitored by an oscilloscope (Tektronix DPO3054). The voltage of the sinusoidal 
excitation to the electrodes was manipulated with a variable voltage transformer at a constant 
frequency of 10 kHz. During the experiments, to quantitatively compare the operational 
performance of the AC-DBD plasma actuator and the electrical film heater under different icing 
conditions, the applied power (or power density, Pd) to the plasma actuator was adjusted to be 
equivalent with that applied to the electrical film heater. Table 3-1 summarizes the experimental 
parameters used in the present study. 
 
Table 3-1. Experimental parameters used in the present study. 
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During the experiments, the dynamic ice accreting process over the airfoil surface was 
recorded by using a high-speed camera (PCO Tech, Dimax) with a 60 mm lens (Nikon, 60 mm 
Nikkor f/2.8) installed at 500 mm above the airfoil/wing model.  The camera was positioned 
approximately normal to the airfoil chord, with a measurement window size of 210 mm × 210 mm 
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and a spatial resolution of 9.5 pixels/mm.  An in-situ calibration procedure as suggested by Soloff 
et al. [34] was performed to dewarp the captured images before extracting physical features.  Each 
test trial consisted of 3,000 images acquired at a frame rate of 10 Hz.   
As shown in Figure 3-2, an infrared (IR) thermal imaging camera (FLIR A615) was also 
used to map the surface temperature of the ice accreting airfoil surface.  The IR camera was 
mounted at ~ 300 mm above the airfoil/wing model with the measurement window size of 110 
mm × 90 mm and a corresponding spatial resolution of 5.3 pixels/mm.  Radiation from the ice 
accreting airfoil surface will pass through an infrared window (i.e., FLIR IR Window-IRW-4C 
with optic material of Calcium Fluoride) at first before reaching to the IR camera. A calibration of 
the material emissivity is performed for the IR thermal imaging [35].  Table 3-2 gives the IR 
emissivity coefficients of the materials relevant to the present study, i.e., material of the 
airfoil/wing model, ice, and liquid water, respectively. Each test trial consisted of 15,000 IR images 
acquired at a frame rate of 50 Hz. An in-situ calibration was also performed to validate the IR 
thermal imaging results by establishing a relationship between the measured count number from 
the IR camera and the temperature acquired by using thermocouples.  The measurement 
uncertainty for the IR camera was found to be less than 0.5°C.  The high-speed video camera and 
the IR camera were connected to a digital delay generator (Berkeley Nucleonics, model 575) that 
synchronized the timing between the two systems. 
 
Table 3-2. Emissivity of the materials pertinent to the test model used in the present study. 
 
Materials Emissivity 







Results and Discussion 
Electrical Characteristics of the AC-DBD Plasma Actuator before and during Ice 
Accretion 
Since a multiphase interaction (i.e., water-ice-air-plasma interaction) would occur during 
the operations of the AC-DBD plasma actuator under icing conditions, the effect of the water 
impingement on the electrical characteristics of the AC-DBD plasma actuator was first evaluated.  
Figure 3-4 shows the measured voltage and current traces as a function of time within six AC 
cycles before and during the ice accretion process (i.e., U = 40m/s, T = -5 ºC and LWC = 1.0 
g/m3).  Before the supercooled water droplets impinged onto the airfoil surface, the exposed 
electrodes and the dielectric surfaces were free of water/ice, typical voltage and current traces of 
DBD plasma discharge were observed as clearly shown in Figure 3-4(a), with the large spikes 
dominating the current curve, indicating the micro-discharges in the plasma discharge region over 
the surface of the dielectric layer.  
 
Figure 3-4: Measured voltage and current traces of the AC-DBD plasma actuator within six 
AC cycles before and during the ice accretion process. 
 
Since the surfaces of the exposed electrodes and the dielectric layer had been heated 
sufficiently during the DBD plasma actuation, after impingement of the supercooled water droplets 
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onto the airfoil surface, the impinged super-cooled water droplets were found to be heated up 
quickly to form liquid water films/rivulets and run back over the heated airfoil surface (i.e., 
surfaces of exposed electrodes and dielectrics layer). The presence of such water mass over the 
electrode/dielectric surfaces was suggested to have a great impact on the electrical characteristics 
of the plasma actuator (i.e., with the runback water becoming the conductor extension of the 
exposed electrodes in AC-DBD plasma actuation [37]). Figure 4(b) shows the measured voltage 
and current traces of the AC-DBD plasma actuator during the ice accretion process. It can be seen 
clearly that, while the voltage signal was almost not changed, the amplitude of the large spikes in 
the current trace was found to be significantly reduced, which is suggested to be caused by the less 
glow discharge at the running water film/rivulets fronts. Based on the measured voltage and current 
traces as that shown in Figure 3-4, the power density, q, of the plasma actuator can be calculated 
using following equation: 
    
1
nR
q V t I t dt
nR A
 
   (3.1) 
where R is the AC period of plasma actuation, n is the number of AC cycles, and A is the reference 
area.  
 
Thermal Effects of AC-DBD Plasma Actuation 
Recent studies [26,29–32] have demonstrated that DBD plasma actuators have significant 
thermal effects along with the generation of ionic airflow. With the high-voltage signal applied to 
the exposed electrode, a high-intensity electric field is generated between the exposed electrode 
and the grounded electrode separated by a dielectric layer. Driven by the electric field, the free 
electrons and ions in the air are responsible for energy transmission from the external power source 
to gas [32,38]. The free electrons get energy from the electric field through acceleration, and then 
collide with neutrals and ions in the air. If an elastic collision occurs, there is an immediate but 
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only a small portion of total energy release, while in inelastic collisions, ionized particles and 
excited molecules can be produced, which are the main sources of energy heating the gas [38]. 
Collision between ions and neutrals/electrons is another source that contributes to the thermal 
energy generation in DBD plasma actuation [39]. Therefore, the thermal energy generated during 
plasma discharge can be expressed using Eq. (2): 
 heat ele ionE E E   (3.2) 
where Eheat denotes the thermal energy generated in plasma discharge, Eele is the energy 
released through collision between electrons (i.e., accelerated in electric field) and neutrals or ions, 
and Eion is the energy released through collision/quenching between ions and neutrals or free 
electrons. 
In a recent study conducted by Rodrigues et al. [40], it was also found that, for lower 
voltage supplies at which there is no plasma formation, the input energy is almost equal to the 
thermal energy dissipated into the dielectric layer. It was suggested that at such low voltage levels, 
the energy applied to the plasma actuator can be completely converted into dielectric heating since 
there is no plasma formation and momentum transfer to the surrounding air.  
Figure 3-5 shows the time evolution of the measured temperature distribution over the 
surface of the airfoil/wing model after the AC-DBD plasma actuator was switched on at Vp-p = 
12.5kV and f = 10 kHz under the test condition of U∞ = 40m/s, T∞ = -5°C, and LWC = 0 g/m3 (i.e., 
without turning on the spray system of the ISU-IRT). It is clearly seen that, after the plasma 
actuator was switched, the surface temperatures over the dielectric layer and the exposed 
electrodes were increased rapidly, with the local surface temperatures at the edges of the exposed 
electrodes being increased from -5 °C to more than 25 °C in less than five seconds. The 
temperature distribution pattern was found to be rather uniform along the span-wise, as expected. 
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It has been reported in the previous studies [41] that the response time of momentum transfer in 
plasma discharge is on the order of 10~100 ms. As suggested by Rodrigues et al. [40], the dielectric 
layer heating would be initiated even before the generation of ionic airflow driven by the 
momentum transfer. Therefore, the response time for the thermal energy generation is expected to 
be shorter than that of the momentum transfer in plasma discharge. Figure 3-5(a) shows the 
measured temperature distribution over the airfoil surface right after the DBD plasma actuator was 
turned on (i.e., t = 0.4 s). It was found that the surface heating was first initiated at the edges of the 
exposed electrodes with an evident local temperature increase, (i.e., as indicated by the white strips 
in the temperature map over the airfoil surface), as shown in Figure 3-5(a). As the time goes by, 
more and more thermal energy was generated during the plasma discharge as shown in Figure 3-
5(b) to Figure 3-5(d). It is clearly seen that the maximum temperatures were always located at the 
edges of the exposed high-voltage electrodes, which agrees with the findings reported in the 
previous studies [31]. It was also found that, during the plasma discharge, the temperature over the 
exposed electrodes (i.e., made of copper tape) appeared to be much higher than that over the 
dielectric layer (i.e., Kapton film). It is suggested that the temperature difference between the 
electrode surfaces and the dielectric layer surfaces is essentially caused by the significant 
difference in the thermal conductivity between the copper tape and Kapton film (i.e., 385.0 W/m·K 
for copper tape vs. 1.57 W/m·K for Kapton film). When comparing the surface temperatures at the 
different discharge locations on the dielectric layer (i.e., spacings between the exposed electrodes) 
as shown in Figure 3-5(b) to Figure 3-5(d), it was found that the surface temperature was the 
minimum at the leading edge, and increased gradually at further downstream locations, which was 
due to the chordwise development of convective heat transfer intensity, i.e., with the maximum 
heat convection being at the leading edge and decreasing gradually in the downstream [42]. It is 
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also found that there is an increasing 3D effect in the surface temperature distribution at the 
downstream of the plasma actuator, as shown in Figure 3-5(c) and Figure 3-5(d). Such non-
uniformity observed in the downstream temperature distributions is believed to be caused by the 
slight variations of the thermal behavior along the spanwise direction of the plasma electrodes, 
which is then amplified along with the development of the thermal boundary layer. 
 
Figure 3-5: Time evolution of the measured temperature distribution over the airfoil surface 
with the DBD plasma actuator operating at Vp-p =12.5kV, f=10 kHz under a dry test condition of 
U∞=40m/s, T∞= -5°C and LWC = 0 g/m3. 
 
 
In order to further evaluate the thermal effects of the AC-DBD plasma actuation over the 
airfoil surface, the span-averaged temperature profiles (with the standard deviation of the spanwise 
temperature distribution being smaller than 0.5 °C) along the airfoil chord were extracted based 
on measured temperature distributions over the airfoil surface shown in Figure 3-5, and the results 
were plotted in Figure 3-6. The chordwise locations of the exposed electrodes were also illustrated 
in the plot. It is clearly seen that the temperature profiles at the different time instances have a very 
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similar distribution pattern, i.e., with the temperature peaks being located at the edges of the 
exposed electrodes. For example, at the time instance of t = 0.4 s, while the surface temperatures 
over the dielectric layer were almost not changed and still below zero, the local temperature peaks 
at the electrode edges were found to be increased above zero and even becoming higher than 5 °C, 
as shown in Figure 3-6. Along with the rapid temperature rise at the edges of the exposed 
electrodes, the temperatures over the electrode surfaces were also found to increase significantly, 
in comparison to that over the dielectric layer. It is well known that the predominant heating 
mechanism in plasma discharge is due to the heat transfer from the plasma to the gas which then 
heats up the dielectric surface through forced convection [32]. When the airfoil/wing model with 
the plasma actuator was exposed in a cold airflow, the hot air generated in plasma discharge region 
was not only concentrated above the dielectric layer, but also convected over the exposed 
electrodes. Thus, the temperature increase was also observed over the surfaces of the exposed 
electrodes. The magnitude of temperature increase over the electrodes/dielectric layer surfaces was 
essentially determined by the Biot number [42], which is defined as a simple index of the ratio of 






  (3.3) 
where L is the characteristic length of the body exposed in a fluid, h is the convective heat 
transfer coefficient of the fluid, and k is the thermal conductivity of the body. A smaller value of 
the Biot number implies a faster thermal response of the body. Assume the heat convection 
coefficients at the adjacent electrode and dielectric layer are the same, the thermal response, i.e., 
surface temperature increase, of the exposed electrode and dielectric layer, can be quantitatively 







  (3.4) 
where Biele is the Biot number for the exposed electrode, Bidie is the Biot number for the 
dielectric layer, and kdie and kele are the thermal conductivities of the dielectric layer and the 
exposed electrode, respectively.  
Based on the thermal conductivity values given above (i.e., 385.0 W/m·K for copper tape 
vs. 1.57 W/m·K for Kapton film), the ratio of the Biot number between the exposed electrode and 
dielectric layer was calculated to be Biele/Bidie ≈ 0.004. It indicates that a much faster thermal 
response (i.e., temperature increase) is expected on the electrode surfaces exposed in the hot air, 
which is validated by the measured temperature profiles given in Figure 3-6. 
As the time goes on, the surface temperature of the airfoil/wing model appeared to increase 
rapidly, with the maximum temperature increased to more than 35 °C after 6.4 seconds operation 
of the DBD plasma actuator. It can also be seen clearly in Figure 3-6 that, the surface temperature 
around the third exposed electrode was always higher than those over the other locations, which 
is suggested to be a result of the development of the thermal boundary layer over the airfoil surface. 
Since only one-side plasma discharge was actuated at the last electrode (the fourth electrode), the 
surface temperature at the fourth electrode appeared to be lower than that at the third electrode, 
with only one temperature peak at the upper edge of the electrode. Further details on the time 
evolution of the surface temperatures will be discussed in the following sections. 
Heat Transfer Mechanisms during Droplet Impingement on Plasma Region and Electrical 
Film Heater 
In looking to compare the AC-DBD plasma actuation and electrical heating method for 
icing mitigation on the airfoil/wing model, a fundamental understanding of the heat transfer 
mechanisms during the droplet impingement onto the surface of the plasma actuator (i.e., dielectric 
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surface) and the electrical film heater is highly desirable to elucidate the underlying physics of the 
complex multiphase interaction before and during the droplet impingement. 
  
Figure 3-6: The spanwise-averaged temperature profiles along the airfoil chord with the 
DBD plasma actuator operating at Vp-p =12.5kV, f=10 kHz under a dry test condition of 
U∞=40m/s, T∞= -5°C and LWC = 0 g/m3. 
 
Figure 3-7 shows the schematics of the heating mechanisms of the impinging droplets on 
two different surfaces, i.e., electrical film heater vs. dielectric layer of the DBD plasma actuator. 
For the electrical film heater, the thermal energy is generated at the film surface through resistive 
heating supplied from the electrical power source. Although some of the thermal energy is 
dissipated to the airflow within the thermal boundary layer through convective heat transfer, which 
may warm up the impinging droplet before being in contact with the hot surface, the dominating 
heating mechanism for the water droplet is through heat conduction during the dynamic impinging 
process (i.e., impacting, splashing, and receding), as shown schematically in Figure 3-7(a). Due to 
the large temperature difference between the impinging water droplet and the hot surface, the 
thermal energy is transferred from the surface into the droplet, which can keep the droplet warm 
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(i.e., above the freezing point) or even evaporate upon the impingement of the water droplets onto 
the surface of the electric film heater.  
 
Figure 3-7: Heating mechanisms of an impinging droplet on two different surfaces: (a) electrical 
film heater, (b) Kapton dielectric layer with plasma discharge actuated above. 
 
For the case of the AC-DBD plasma actuation, however, the primary heating mechanism 
is through heat transfer from the plasma to the ambient gas, which then heats up the dielectric 
surface through direct injection, convection and radiation [32], which is a reverse thermal path in 
comparison with that of the conventional electrical heating. Therefore, as the water droplet 
impinging onto the surface with DBD plasma actuator, the droplet is not only heated up through 
heat conduction upon in contact with the hot dielectric surface, but also effectively heated up 
through the forced convective heat transfer when it travels through the hot air in the plasma region, 
as shown in Figure 3-7(b).  
As revealed by Li et al. [43], the transient temperature of an in-flight droplet can be 
calculated using Eq. (5): 
        exp 6 exp 6i e e f p f pT T T T t h c D t h c D              (3.5) 
where T is the transient temperature of the in-flight droplet, h is the convection coefficient 
of air around the surface of the in-flight droplet, Ti is the initial temperature of the droplet, Te is 
52 
 
the temperature of surrounding air of the droplet, ρ is the density of the droplet, cp is the specific 
heat of the droplet; tf  is the time of flight of the droplet in the convective air flow, and D is the 
diameter of the flying droplet.  It is obvious that, for the same time of flight, a higher temperature 
of the surrounding air would imply a higher transient temperature of the in-flight droplet. 
Therefore, the temperature of the water droplet before impacting on the surface of the plasma 
actuator would be much higher than that of impinging onto the electrical film heater. 
For the implementations of AC-DBD plasma actuator and electrical film heater for icing 
mitigation on aircraft, although the heating mechanisms of the two methods are different, they 
both utilize thermal energy to prevent the impinging supercooled water droplets from being frozen 
to form ice accretion on the airfoil/wing surfaces. It should be noted that the conventional electrical 
film heaters usually have almost 100% energy efficiency in the sense that all the input electric 
energy is converted to thermal energy, while for AC-DBD plasma actuators, the heating efficiency 
varies from 50% to 90% in different operating conditions [40].  In order to quantitatively evaluate 
the overall anti-/de-icing performances of the two methods, the total power inputs were always 
kept identical in the present study to quantitatively compare the DBD plasma-based method with 
the convention electric heating method for aircraft icing mitigation.  
 
Comparison of Anti-/De-icing Performances of AC-DBD Plasma Actuator and Electrical 
Film Heater 
In performing the ice accretion experiments, ISU-IRT was operated at a prescribed frozen-
cold temperature level (e.g., T = -5 ºC for the present study) for at least 60 minutes in order to 
ensure ISU-IRT reaching a thermal steady state. Then, the DBD plasma actuator and the electrical 
film heater embedded over the airfoil/wing surface were switched on for about 60 seconds to 
achieve a thermal equilibrium state before turning on the water spray system of ISU-IRT. After 
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the water spray system was switched on at t = t0, while the plasma actuator and the electrical film 
heater were still in operation, the super-cooled water droplets carried by the incoming airflow 
would impinge onto the surface of the airfoil/wing model to start the ice accretion process. During 
the experiments, the high-speed imaging system and the IR thermal imaging system were 
synchronized to reveal the dynamic ice accretion process and the surface temperature evolution 
over the ice accreting airfoil/wing model simultaneously. 
Figure 3-8 shows four typical snapshots of the dynamic ice accretion process over the 
airfoil surface with the power density of the DBD plasma actuator and the electrical film heater 
being the same of Pd = 7.8 kW/m2. The box in red dashed lines in the acquired video images 
indicates the measurement window of the IR thermal imaging system. Since similar features were 
also observed for other test cases, only the measurement results obtained under the icing condition 
of U = 40m/s, T = -5 ºC and LWC = 1.0 g/m
3 were shown and analyzed here for conciseness. As 
shown clearly in Figure 3-8(a), at the time instance of 10 seconds after starting the ice accretion 
experiments (i.e., t = 10.0 s), when the supercooled water droplets impinged onto the airfoil 
surface, since both the DBD plasma actuator and the electrical film heater were switched on with 
the surface temperatures being well above the freezing point of water, the impinged water droplets 
were heated up, and no longer in the supercooled state, by absorbing the thermal energy generated 
due to the plasma actuation and electrical heating. Therefore, the coverage regions of the plasma 
actuator and the electrical film heater on the airfoil model (i.e., from the leading edge to ~30% 
chord length) were found to be free of ice, but with evident water runback being observed. Driven 
by the boundary layer airflow over the airfoil surface, the unfrozen water was found to run back 
to the further downstream regions in the form of film/rivulet flows. It can be seen clearly that, the 
runback water started to refreeze in the downstream region after about 60% chord length on the 
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electrical film heater side, while the water runback over the DBD plasma side appeared to be less 
and only very few ice formation was observed. It is suggested that, at the beginning stage of water 
impingement, the air over the plasma region was sufficiently heated which can effectively warm 
up and evaporate the micro-sized, super-cooled water droplets (i.e., with the diameters less than 
100 µm) that traveled through it. For the super-cooled water droplets impinged onto the surface of 
the electrical film heater, since the thermal energy was mainly transferred from the bottom 
substrate, and the input power was not sufficiently high to instantly evaporate the water droplets, 
they were coalesced quickly to form rivulets/film flows and transported further downstream. The 
rumback surface water was found to be refrozen to start the ice accrtion at the further downstream 
regions due to the intense convective heat transfer in the frozen cold ambeient enviorment. As the 
time goes on, more and more super-cooled water droplets impinged onto the surfaces of the DBD 
plasma actuator and the electrical film heater embedded over the airfoil surface. Since the 
deposited water film over the dielectric layer/exposed electrodes of the DBD plasma actuator 
would have a very complex interaction with the plasma actuation [37], which may result in a 
degradation of the thermal effects during the plasma discharge, more and more water was found 
to be collected and transported downstream over the airfoil surface, and started to form ice in the 
drown regions, as can be seen in Figure 3-8(b). In the meantime, more rivulets-shaped ice 
formation was observed in the downstream region of the electro film heater side. The water/ice 
rivulets formed in the early stage of the ice accretion (on both plasma and electric film heater sides) 
became the transport channels for the collected water over the airfoil surface. As the time goes on, 
more and more impinged water was collected over the airfoil surface, and subsequently frozen at 




Figure 3-8: Typical snapshots of the dynamic ice accretion process with the power density of 
the plasma actuator and the film heater being Pd = 7.8 kW/m2 under the icing condition of U = 
40m/s, T = -5 ºC and LWC = 1.0 g/m3. 
 
In order to achieve better anti-/de-icing performances for both the AC-DBD plasma 
actuator and the electrical film heater under the same icing condition, the power inputs to the DBD 
plasma actuator and the electrical film heater were increased by a factor of two (i.e., Pd = 15.6 
kW/m2) to generate more thermal energy in the sense of preventing ice formation over the airfoil 
surface. The typical snapshots of the dynamic water runback/ice accretion process under this 
operational condition are shown in Figure 3-9. It can be clearly seen that, with the higher power 
input, the airfoil surface was completely free of ice on both sides of the airfoil surface at the early 
stage of icing experiment (i.e., t ≤ 50 s) as shown in Figure 3-9(a) to Figure 3-9(c). Similar to that 
observed for the case with relatively lower power input described above, the DBD plasma side of 
the airfoil surface appeared to have less water runback in comparison to that on the electric film 
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heater side. It was also found that the runback speed of the surface water rivulets on the DBD 
plasma side was slower than that on the electric film heater side, which is suggested to be caused 
by the different roughness distributions on the two sides of the airfoil surface (i.e., the exposed 
electrodes of the DBD plasma actuator tend to trap surface water as it runback, while the film 
heater surface provides a relatively smooth substrate for the surface water runback). Since the 
slower runback speed of the surface water would allow a longer and more sufficient heat 
convection to take away the heat from the “warmed” surface water, as more and more water 
droplets impinged on the airfoil surface, ice was found to form at a nearer downstream location on 




Figure 3-9: Typical snapshots of the dynamic ice accretion process with the power density of the 
plasma actuator and the film heater being Pd = 15.6 kW/m2 under the icing condition of U = 





Figure 3-10: Time evolution of the temperature distributions over the DBD plasma and film 
heater sides of the airfoil surface with the input power density being Pd = 15.6 kW/m2 before 
(i.e., (a) and (b)) and during (i.e., (c) and (d)) the ice accretion process at U = 40m/s, T = -5 
ºC and LWC = 1.0 g/m3. 
 
 
Figure 3-11: Surface temperature variations at different chordwise locations on (a) the 
plasma side and (b) the electric film heater side of the airfoil surface before and during the ice 
accretion process at U = 40m/s, T = -5 ºC and LWC = 1.0 g/m3. The power density applied to 




Figure 3-10 shows the time evolution of the measured temperature distributions over the 
airfoil surface with the power density being kept constant at Pd = 15.6 kW/m2 on both sides of the 
airfoil before and during the ice accretion process under the icing condition of U = 40m/s, T = -
5 ºC and LWC = 1.0 g/m3. The corresponding surface temperature variations at different chordwise 
locations (i.e., location A at 2% chord, B at 10% chord, C at 18% chord, D at 45% chord, as 
indicated in Figure 3-10(a)) on the two sides (i.e., plasma actuator side vs. electric film heater side) 
of the airfoil surface are also shown in Figure 3-11. As can be seen clearly in Figure 3-10(a), after 
the DBD plasma actuator was enabled for 10 seconds (i.e., at t = 10 s), the temperatures over the 
surfaces of the exposed electrodes were found to increase to about 10 °C, while the temperatures 
over the dielectric surface (i.e., the spacings between the electrodes) were still kept below zero 
(i.e., the freezing point of water), which has been discussed in the previous section. The electrical 
film heater was enabled simultaneously with the DBD plasma actuator during the experiment. It 
was found that there was a strip-patterned temperature distribution over the electric film heater at 
t = 10 seconds, as shown in Figure 3-10(a). Such strip-like temperature distribution was essentially 
due to the configuration of the etched foil resistance element encapsulated between the Polyimide 
films in the electric heater. As the time goes on, more and more thermal energy was generated on 
both the plasma actuator side and the electric film heater side of the airfoil surface. After running 
the plasma actuator and the electric film heater for about 60 seconds, a thermal equilibrium state 
was achieved on both sides of the airfoil/wing model as indicated by the flattening surface 
temperature profiles at t = 60 s, as shown in Figure 3-11 (a) and Figure 3-11(b). At this thermal 
equilibrium state, it was found that the temperature distribution on the electrical film heater was 
much higher than that over the DBD plasma actuators, as clearly shown in Figure 3-10(b). The 
temperatures at the location “C” (i.e., 18% chord) were found to be the maximum on both sides 
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with the measured values being 20 °C and 90 °C on the plasma actuator side and the electric film 
heater side, respectively. As described above, while the thermal energy generated by the electrical 
film heater is mainly at the heater surface through resistive heating, the primary heating mechanism 
in DBD plasma actuation is through heat transfer from the plasma to the ambient gas, which then 
heats up the dielectric/electrodes surfaces through direct injection, convection and radiation [32]. 
Therefore, with the same power input, the measured surface temperature on the electric film heater 
surface appeared to be much higher than that over the DBD plasma actuator. It was also found 
that, after the thermal equilibrium state was achieved, the temperature appeared to be higher at 
locations further away from the airfoil leading edge (until location C at 18% chord length) as 
clearly shown in Figure 3-10 and Figure 3-11. Such a temperature gradient was believed to be due 
to the development of the thermal boundary layer over the airfoil surface, with the maximum heat 
convection at the airfoil leading edge and decreasing gradually in the downstream region. 
As indicated by the dashed line in Figure 3-11, the water spray system of ISU was switched 
on at t = 60 s to start the ice accretion process, i.e., at 60 seconds after the plasma actuator and the 
electrical film heater were enabled. This time instant was also defined as t0, as given in Figure 3-
10(c) and Figure 3-10(d). It was found that, after the super-cooled water droplets impinged onto 
the airfoil surface, for the time instance at t = t0 + 25 s, while the surface temperature on the electric 
film heater was found to decrease significantly, the temperature on the surface of the plasma 
actuator only dropped slightly as shown in Figure 3-10(c). As the time goes on, more and more 
impinged water would be collected on the airfoil surface. Since the power input to the plasma 
actuator and the electric film heater were sufficiently high to prevent ice accretion over the airfoil 
surfaces, the mass transport and energy transfer on the two sides of the airfoil surface were found 
to reach an equilibrium state, as indicated by the almost unchanged temperature distributions after 
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t = t0 + 200 s, as shown in Figure 3-10(d). More quantitatively, after the water droplets impinged 
on the airfoil surface, while the temperature drop on the surface of the plasma actuator was about 
33% (i.e., the temperature dropped from 12 °C to 8 °C at the location A and B, and dropped from 
18 °C to 12 °C at the location C) as shown in Figure 3-11(a), the temperature decrease on the 
surface of the electrical film heater was found to be around 70% (i.e., the temperature decreased 
from 25 °C to 6 °C at the location A, from 60 °C to 20 °C at the location B, and from 90 °C to 25 
°C at the location C) as shown in Figure 3-11(b). Such temperature variations before and after the 
impingement of the super-cooled water droplets can be explained by the different heating 
mechanisms discussed in the previous section. For the electrical film heater case, since the thermal 
energy was mainly generated at the heater surface, and then transferred into the impinged 
supercooled water droplets upon impact, the measured surface temperature, therefore, appeared to 
drop significantly when the temperature different was large between the heater surface and the 
impinged water droplets. For the droplet impingement on the surface of the DBD plasma actuator, 
however, the droplets had already been effectively warmed up through the forced heat convection 
as travelling through the hot air above the plasma actuator before impacting onto the warm 
dielectric/electrodes surface. 
 
Further Optimization of AC-DBD Plasma Actuation for Improved Icing Mitigation 
Performance  
Based on the measurement results described above, it can be concluded that, the DBD 
plasma-based method is very promising and have a great potential for aircraft icing mitigation. 
With the same power input, the DBD plasma-based method was found to have at least equivalent 
effectiveness, if not better, in preventing ice accretion over the airfoil surface, in comparison with 
the conventional electrical heating method. It should be noted that, the anti-/de-icing performance 
of the DBD plasma-based method can be further improved through optimization of the design 
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paradigms in the terms of the geometry of the plasma actuator, the area of the plasma actuation 
over the airfoil surface, the effects of the applied voltage and frequency, etc. As an example of the 
attempts to optimize the DBD plasma actuation for improved anti-/de-icing performance, a duty-
cycled modulation concept is utilized by leveraging the unique feature of fast response time for 
the DBD plasma actuation (i.e., on the order of 10~100 ms) in terms of momentum transfer [41] 
and thermal effects [40] induced by plasma discharge. Thus, with the same total power input 
applied to the DBD plasma actuator, the maximum instantaneous power input applied to the 
plasma actuator can be significantly increased by adopting the duty-cycled modulation. In the 
present study, an explorative study was also performed to evaluate the anti-/de-icing performance 
of the plasma actuation with duty-cycled modulation, in comparison to that of the conventional 
electrical heating method with the same total power input, under the same icing condition (i.e., U 
= 40m/s, T = -5 ºC and LWC = 1.0 g/m
3). 
Figure 3-12 shows four typical snapshots of the dynamic ice accretion process over the airfoil 
surface with the maximum instantaneous input power density of the duty-cycled plasma actuation 
(i.e., with a duty cycle of τ = 50% at the frequency of fduty-cycle = 250 Hz) being Pd = 15.6 kW/m2, 
while the power density of the conventional electric film heater was kept at Pd = 7.8 kW/m2. In 
this comparison, although the maximum instantaneous power inputs were different for the DBD 
plasma actuator and the electrical film heater, the total power consumptions over a given period of 
time would remain the same. It can be seen clearly in Figure 3-12(a) that, when the super-cooled 
water droplets impinged onto the airfoil surface, since both the DBD plasma side and the electric 
film heater side were heated up, the impinged super-cooled water droplets would be heated up 
instantly upon impact, with the temperature of the impinged water increased above zero (i.e., above 
the frozen point of water) and no longer in super-cooled state. Consequently, the impinged water 
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droplets quickly coalesced and run back in the form of film/rivulet flows as driven by the boundary 
layer airflow over the airfoil surface, as shown in Figure 3-12(a). It was found that the runback 
surface water on the plasma side was much lesser than that on the electric film heater side, which 
is suggested to be caused by the more significant evaporation of the impinged water droplets over 
the airfoil surface with plasma actuation. As the time goes on, more and more water droplets 
impinged onto the airfoil surface with more water runback appeared in the downstream region 
(i.e., after 50% chord length) as shown in Figure 3-12(b). Since the temperature of the surface 
water was not sufficiently high, the heat stored in the runback water was rapidly removed by the 
intense heat convection during the runback process, therefore, the rivulets-shaped ice was found 
to form at the further downstream region as clearly seen in Figure 3-12(c) to Figure 3-12(d). It 
should be noted that, although both sides of the airfoil surface had ice formation in the downstream 
region, much less ice accretion was found on the plasma side of the airfoil surface in comparison 
to that on the electric film heater side. It is suggested that, with the same total power input, the 
DBD plasma actuation with the duty-cycle modulation would have a better anti-/de-icing 
performance in comparison to that of the conventional electrical film heater.  
Conclusion 
In the present study, an experimental investigation was performed to compare the 
effectiveness of a novel DBD plasma-based method with a conventional electrical heating method 
in preventing ice formation and accretion over an airfoil/wing model in order to demonstrate the 
great potential of utilizing DBD plasma actuators for aircraft in-flight icing mitigation. The 
experimental study was performed in the Icing Research Tunnel available at Aerospace 
Engineering Department of Iowa State University (i.e., ISU-IRT). A NACA0012 airfoil/wing 
model embedded with a DBD plasma actuator and a conventional electrical film heater over the 
airfoil surface was tested in the ISU-IRT under a typical glaze icing condition.  During the 
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experiments, while a high-speed imaging system was used to record the dynamic ice accretion and 
transient surface water runback processes over the airfoil surface, an infrared (IR) thermal imaging 
system was also utilized to map the corresponding temperature distributions over the ice accreting 
airfoil surface simultaneously.  Based on the side-by-side comparison of the measurement results 
(i.e., snapshots of the visualization images and quantitative surface temperature distributions) on 
the plasma side of the airfoil surface against those of the electric film heater side under the same 
icing condition, the effectiveness of using the thermal effects induced by DBD plasma actuation 
and the conventional electrical heating in preventing ice formation and accretion over the airfoil 
surface was evaluated and analyzed in details. 
 
Figure 3-12: Typical snapshots of the dynamic ice accretion process over the airfoil surface 
under the icing condition of U = 40m/s, T = -5 ºC and LWC = 1.0 g/m3 with the duty-cycled 
plasma actuation (i.e., with a duty cycle of τ = 50% at the frequency of fduty-cycle = 250 Hz) on the 
left side and the electric film heating on the right side.  
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It was found that, with the same input power density, the surface temperature on the electric 
film heater was much higher than that over the surface of the DBD plasma actuator before the 
water droplets impingement, which was essentially due to the different heating mechanisms of the 
two methods. For the conventional electrical film heater, the thermal energy was mainly generated 
at the heater surface. For the case of the DBD plasma actuation, the heating path is through heat 
transfer from the plasma to the ambient gas at first, and then heats up the surfaces of the dielectric 
layer and electrodes of the plasma actuator through direct injection, convection and radiation. 
Upon the impingement of the super-cooled water droplets onto the airfoil surface, while the surface 
temperature over the electrical film heater was found to drop significantly due to the instant heat 
transfer from the electric film heater surface to the impinged water mass, the decrease in the 
measured surface temperature over the plasma side appeared to be much less since the impinged 
water droplets were not only heated up through heat conduction upon in contact with the hot 
dielectric/electrodes surfaces, but also effectively warmed up through forced heat convection as 
they travelling through the hot air above the DBD plasma actuator. As a result, the DBD plasma-
based method showed a more promising performance in preventing the ice formation and accretion 
over the airfoil surface, in comparison with that of the conventional electrical heating method. 
An explorative study was also conducted to further improve the anti-/de-icing performance 
of the DBD plasma-based method by adopting a duty-cycle modulation concept. The 
implementation of duty-cycled modulation to the DBD plasma actuation can significantly reduce 
the total power consumption of the plasma actuator over time (e.g., 50% energy can be saved when 
using a duty cycle modulation of τ = 50%), while the maintaining the same maximum 
instantaneous power input applied to the DBD plasma actuator for anti-/de-icing operation. Based 
on the side-by-side comparison of the measurement results obtained under the same icing condition 
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and the same total power input, it was demonstrated clearly that, the duty-cycled plasma actuation 
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Abstract 
Dielectric barrier discharge (DBD) plasma actuators have shown great potential for aircraft 
icing mitigation due to its capability to induce thermal effect. In the present study, different DBD 
plasma actuator configurations were evaluated on their anti-/de-icing performances for aircraft 
icing mitigations. An array of DBD plasma actuators were designed and embedded on a 
NACA0012 airfoil/wing model in different layout configurations (i.e., different alignment 
directions of the plasma actuators (e.g., spanwise vs. streamwise), width of the exposed electrodes 
and the gap between the electrodes) for the experimental study. Ice accretion experiments were 
performed on airfoil/wing models while plasma actuation was initiated. The experimental study 
was carried out in the Icing Research Tunnel available at Iowa State University (i.e., ISUIRT). 
While the dynamic anti-icing operation was recorded by using a high-resolution imaging system, 
a high-speed Infrared (IR) thermal imaging camera is used to quantitatively map the temperature 
distributions over the surface of the airfoil model during the anti-/deicing processes. Results show 
that the heat dissipation mechanism of the plasma actuator array in both streamwise and spanwise 
configurations differ one from another noticeably. In the case with the plasma actuators in 
spanwise configuration, temperature profiles are found to be uniform along the span. Streamwise 
configuration shows non-uniformity downstream along the span of the airfoil/wing model and 
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more heat dissipates downstream of the airfoil/wing, which favors anti-icing applications. It is also 
found that when active plasma area covered ~66% of the total actuator area, actuator configuration 
performs better in terms of anti-icing because of minimized rivulet formation.  
Introduction 
Aircraft icing is a serious threat to flight safety and performance. Under cold weather 
conditions, supercooled water droplets in vapor cloud would impinge, freeze and form ice shapes 
on aircraft surfaces [1]. This ice accreation can disturb the airflow, causing flow seperation and 
significantly reduce aerodynamic performance. Aircraft can face increase in drag force, decrease 
in lift force, and sudden stall at a lower angle of attack [2], which may cause fatal consequences.  
Anti-/de-icing systems have been developed by now include chemical, mechanical and 
thermal methods. Current methods are only able to remove the ice to a certain extent or have added 
drawbacks. Chemical ice removal methods, such as use of freezing point depressants[3] during 
flight or deicers before aircraft take off, may harm the environment [4]. Introducing low surface 
adhesion with superhydrophobic coating prevent water droplets to stick onto surfaces[5–7], 
however ice can still accumulate at the stagnation points of the airfoil [6]. Mechanical ice removal 
methods, such as pneumatic or electro-mechanical boots [3,8], rely on cracking the ice and let the 
ice fly away with aerodynamic and gravitational forces, which may not be able to remove the ice 
completely or even the shed ice chunks may damage other parts of aircraft, especially aero-
engines[3]. Thermal anti icing methods, such as hot-bleed-air anti-icing systems [3,9–11] or 
electro-thermal heating systems [3,12,13], are the most effective anti-icing methods in use. 
However they require treomendous  amount of energy input in order to completely remove the ice 
and prevent melted ice to freeze again downstream of the airfoil. 
Recently developed plasma based anti-icing systems have shown promising potential to 
prevent ice formation due to its fast response time and efficiency. Dielectric barrier discharge 
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(DBD) plasma actuators were originally invented for flow control because of its capability to 
induce flow.  DBD plasma actuators generally consist of two electrodes asymmetrically separated 
by a dielectric layer and generate discharge by applying a high voltage between electrodes, which 
ionizes the gas over the dielectric surface [14,15]. A schematic of a plasma actuator can be seen in 
Figure 4-1. In addition to induced flow, DBD plasma induce a thermal effect, which can be 
leveraged for icing mitigation. The surface temperature of DBD plasma actuator dielectric layer 
increase significantly during plasma actuation [16]. It was shown that DBD plasma actuators can 
be used on aircraft surfaces as anti-icing device [17,18] and would be as effective as electro-
thermal film heaters [19]. If operated in a duty-cycled mode, anti-icing performance of the DBD 
plasma actuator can be more energy efficient [20,21]. Furthermore, when plasma actuators are 
driven by pulses at nanosecond time scale (NS-DBD), fast gas heating feature of nanosecond 
pulsed discharge [22] put forward more efficient anti-/de-icing performance [23–25].  
The conventional place to employ plasma actuator for flow control applications is the 
leading edge the airfoil along the span to surpass the flow separation. This configuration is the 
most effective for flow control [26]. Similar spanwise configuration layout is directly used in most 
of the plasma anti-icing studies, and showed successful results [17–21,23–25,27]. It was also 
shown that employing plasma actuators streamwise oriented is also an effective method [28–30]. 
In this study, the effect of actuator direction (e.g., spanwise and streamwise) is investigated along 
with other plasma actuation parameters, such as electrode width, number of electrode, and input 
voltage. The thermal effects of DBD plasma actuator for icing mitigation is experimentally 
investigated in the Icing Research Tunnel at Iowa State University (ISU-IRT). A series of anti-/de-
icing experiments were conducted on a NACA 0012 airfoil embedded with DBD plasma actuators. 
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The effect of actuator layout is explored to improve the efficiency plasma based anti-/de-icing 
systems for aircraft icing mitigation. 
 
Figure 4-1. Schematic of DBD plasma actuator. 
Experimental Setup 
The experiments were performed in the unique Icing Research Tunnel available at 
Aerospace Engineering Department of Iowa State University (i.e., ISU-IRT). Schematic of ISU-
IRT is shown in Figure 2. The ISU-IRT is a multifunctional icing research tunnel with a test section 
of 2.0 m in length × 0.4 m in width × 0.4 m in height with four side walls being optically 
transparent. FLIR IRW-4C infrared inspection window placed in the top panel of the test section. 
Above the window, FLIR A615 infrared (IR) camera was mounted as shown in Figure 2. ISU-IRT 
has the capacity of generating a maximum wind speed of 60m/s and an airflow temperature down 
to −25 °C. An array of 8 pneumatic atomizer/spray nozzles are installed at the entrance of the 
contraction section of the icing tunnel to inject micro-sized water droplets (10 ~ 100μm in size) 
into the airflow. By manipulating the water flow rate through the spray nozzles, the liquid water 
content (LWC) in ISU-IRT could be adjusted (i.e., LWC ranging from 0.1 g/m3 to 5.0 g/m3). In 
summary, ISU-IRT can be used to simulate atmospheric icing phenomena over a range of icing 
conditions (i.e., from dry rime to extremely wet glaze ice conditions). Further information about 
ISU-IRT is available in Waldman et al. [31]. 
A NACA 0012 airfoil model was used in this study, which was made of a hard plastic 
material and manufactured by using a rapid prototyping machine (i.e., 3-D printing). The wing 
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model has a chord length of c = 150 mm, which spanned the width of the test section. Supported 
by a stainless-steel rod, the wing was mounted at its quarter-chord and oriented horizontally across 
the middle of the test section. A schematic of the experimental model is shown in Figure 4-2. 
Exposed electrodes were subjected to high voltage. The encapsulated electrode was connected to 
the ground. The leading edge of the model was covered with ~70 µm thick copper tape as the 
ground electrode and five layers of PVC film for the dielectric layer. The total thickness of the 
dielectric layer was ~0.4 mm. Lastly, exposed electrodes were positioned above PVC film as active 
electrodes. Length of each exposed electrode was 72 mm.  
Figure 4-4 shows the two categories of layouts used: spanwise layout and streamwise 
layout. Covered areas by plasma actuators were kept the same for direct comparison, and plasma 
actuators are placed to the airfoil symmetrically on both sides of the airfoil. Width (W), the gap 
(G) between exposed electrodes and number of electrodes (N) are adjusted and are shown in Table 
4-1. The total covered area is 72mm×72mm. 
 
Figure 4-2. Schematic of the ISU-IRT and tested airfoil model used in the present study. 
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During the experiments, the DBD plasma actuators on the airfoil/wing model were 
powered by a high-voltage alternating current power source (Nanjing Suman Company, model 
CTP-2000 K). Voltage and current measurements were obtained from a Textronix P6015 high-
voltage probe and Pearson Current Monitor model 2877. The voltage and current signals were 
monitored by Tektronix MDO3102 mixed domain oscilloscope. The power consumption of 
plasma actuators was calculated using:  
(4.1) 
 
Where V(t) and I(t) are the instantaneous voltage and current applied on the plasma 
actuator, and T is the total measurement time which contains about eight AC periods. Typical 
voltage and current traces can be seen in Figure 4-3. Power consumption during the experiments 
was adjusted to 64W with an autotransformer with corresponding power density of Pd=12.2kW/m2. 
 
Figure 4-3. Typical voltage and current trace during plasma actuation. 
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Figure 4-4. Types of layouts. 







Plasma Ratio (Plasma 
area/Total area of 
actuators) 
1 Spanwise 6 4 8 0.66 
2 Streamwise 6 4 8 0.66 
3 Streamwise 8 2 8 0.78 
4 Streamwise 3 16 8 0.33 
 
In the present study, a high-speed CCD imaging system (PCO Tech, pco.1200, with a 
resolution of 1248 by 1280 pixel) along with a 60 mm optical lens (Nikon, 60 mm Nikkor 2.8D) 
were used to capture the dynamic ice-accretion process over the airfoil surface. The imaging 
system was mounted above the test section of the ISU-IRT as shown in Figure 4-2. A Temperature 
map was achieved during the ice accretion process over the airfoil surface with an infrared thermal 
imaging system (FLIR-A615). An infrared transmission window (FLIR IRW-4C) was placed in 
the top panel of the test section. The IR thermal imaging system was mounted above the 
transmission window and focused on the leading edge of the airfoil. IR camera calibration that 
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takes material emissivity into account was performed. In performing the experiments, IR thermal 
image acquisition was started simultaneously with DBD plasma actuation. After about 60 seconds 
of DBD plasma actuation, the water spray system and CCD imaging system were switched on at t 
= tspray s.   
Results 
Effects of Plasma Actuator Orientation on Ice Accretion 
It has been shown that thermal effect induced by plasma actuation can be effectively 
leveraged in favor of anti-icing applications [17–21,23–25,27–30]. Various DBD plasma-base anti 
icing systems with different configurations have been tested in the past. In this study, the most 
common two configurations (spanwise and streamwise orientations) are compared in terms of 
surface temperature change and anti-icing effectiveness during the ice accretion process. Figure 5 
shows the measured surface temperature distribution over the airfoil/wing models employed with 
spanwise (left) streamwise (right) oriented plasma actuators after 60 seconds of plasma actuation. 
Both models were tested under a dry test condition of U = 40 m/s, T = -5°C and LWC = 0 g/m3   
with the same power input of Pd=12.2kW/m2. The peak-to-peak voltage applied to the actuators 
was measured as V=13.8kV with a frequency of f=5.5kHz. It can be seen from the Figure that 
heating of the airfoil surface were different for the models. The highest temperature regions are at 
the edges of exposed electrodes, which can reach temperatures upwards of 40°C in 60 seconds of 
plasma actuation. While the heated area by plasma was uniform along the actuator direction in the 
case of spanwise orientation, surface temperature increase along the actuators was observed in the 
streamwise configuration. Heat dissipation to downstream of the electrodes is not uniform. We can 




Figure 4-5. Surface temperature map during plasma actuation of spanwise (left) and 
streamwise (right) actuators direction under a dry test condition of U=40m/s, T=-5°C and LWC 
= 0 g/m3. V = 13.8 kV, f = 5.5 kHz, Pd=12.2kW/m2 t=60s. 
Figure 4-6 shows the temperature profiles along the airfoil span at the locations of 7%, 
15%, 25% and 35% of the airfoil chord. In Figure 4-6, dashed lines on 7% and 15% correspond to 
the copper exposed electrodes. It can be seen from the Figure that the temperature profiles are 
significantly different. Surface temperature change is uniform for spanwise actuator, while it 
fluctuated along the span for streamwise configuration. For spanwise actuators, due to incoming 
air flow, there is a higher rate of heat transfer from hot gas to the electrode through convection. In 
the case of streamwise electrode orientation, thermal energy dissipates on dielectric layer 
downstream is not uniform. At distance at 35%, small temperature fluctuations were still observed, 
which correspond to the gap of electrodes. It was shown that surface temperature increase is 
determined by convective and conductive heat transfer coefficients and the thermal energy 
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Where T represents surface temperature increase, disQ is the rate of thermal energy 
generation in plasma discharge, A is the projected surface area, airh and surfh are the convective heat 
transfer coefficient from hot gas to air and airfoil surface and 
airfoilk is the conductive heat transfer 
coefficient. 
During the experiments, the power input to the plasma actuators were kept the same along 
with the plasma generation parameters such as voltage, frequency, number of electrodes, dielectric 
layer type and thickness etc., which would result similar rate of thermal energy generation. 
However, conductive and convective heat transfer coefficients would be different. Placing 
actuators streamwise to airflow minimize the conductive heat transfer from hot gas to exposed 
electrode and allow more heat to dissipate downstream by convection. 
 
Figure 4-6. Temperature profiles along the airfoil span with the plasma actuators in (a) 
spanwise and (b) streamwise direction under a dry test condition of U=40m/s, T=-5°C and LWC 
= 0 g/m3. V = 13.8 kV, f = 5.5 kHz, Pd=12.2kW/m2 t=60s. 
Further anti-icing experiments were performed under glaze icing conditions (i.e., 
U=40m/s, T=-5°C, LWC=1.5g/m3). Under these conditions, supercooled water droplets do not 
freeze upon impingement to the surface and form complicated ice shapes [31]. Ice formation over 
airfoil/wing models employed with spanwise (left) streamwise (right) oriented plasma actuators at 
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150 seconds of the icing process (t= tspray+150s) are shown in Figure 4-7. It can be seen in Figure 
4-7a that when plasma actuation was not turned on, impinging supercooled water droplets would 
freeze and solidify around the leading edge. After 150 seconds of icing process, there was a small 
difference of ice formation between spanwise and streamwise oriented electrodes. Due to their 
thickness, the exposed electrodes would interact with the boundary airflow and water film. It can 
be seen from Figure 4-6a that the spanwise oriented exposed plasma actuators act as obstacles and 
stopped water film from running downstream. Meanwhile, streamwise oriented electrodes allowed 
the water film flow further back before freezing and form small rivulets. 
Figure 4-7b shows the ice formation over the airfoil/wing models when the plasma was 
turned on. In both streamwise and spanwise cases, plasma was turned on 60 seconds before the 
icing process started. It can be seen from the figure that both models are ice free at the leading 
edge, while rivulets can be observed near the trailing edge. For spanwise configuration, after 150 
s of icing process, ice rivulets cover about %25 of the airfoil from the trailing edge. Rivulets were 
distributed along the span with uniformly. When actuators placed with streamwise orientation, it 
can be clearly seen in the figure that, the formation of ice rivulets was noticeably further 
downstream of the airfoil compared with spanwise configuration. Length of the rivulets were not 
uniform along the span. It is suggested that due to slower water run back speed in the spanwise 
case, ice rivulets were longer; whereas in the streamwise case, water film could runback further. 
It is also suggested that higher rate of heat transfer to downstream on the airfoil helped keep water 




Figure 4-7. Ice formation over the airfoil with spanwise (left) and streamwise (right) plasma 
actuators at t= tspray + 150s. U=40m/s, T=-5°C, LWC=1.5g/m3. (a) plasma off and (b) plasma on 
(V = 13.8 kV, f = 5.5 kHz, Pd=12.2kW/m2). 
Optimization of DBD Plasma Actuator 
To further optimize the plasma actuators, the effects of different layouts on ice accretion 
process were investigated. The layout is modified by changing both the exposed electrode width, 
(i.e., 2mm, 4mm, 8mm, 16mm) and the number of electrodes were adjusted as shown in Table 4-
1 to cover same total area (i.e., 72mm×72mm). Table 4-2 shows the measured electrical parameters 
of the test cases. As all four models have different number of electrodes, their total length of plasma 
were different. To achieve same power density, i.e. Pd=12.2kW/m2, voltage input to the actuators 
adjusted accordingly. Active plasma area decreases with increasing electrode width. Figure 4-8 
and Figure 4-9 show the ice formation and corresponding surface temperature map over the airfoil 
with plasma ratio of (a) 0.78, (b) 0.66, (c) 0.33 at after 150 seconds of icing process under glaze 
icing conditions, i.e. U=40m/s, T=-5°C and LWC = 1.5 g/m3. It can be seen from Figure 4-8 that 
all four airfoil models were ice free at the leading edge while ice rivulets form downstream. The 
81 
 
red dashed boxes in Figure 4-8 highlight ice rivulets. It can be seen from the Figure 4-8a that ice 
started to form after 55% of the chord length when the plasma ratio was 0.78. Due to relatively 
low voltage input, temperature increase was not high enough to keep water film unfrozen before 
it could go any further downstream. Figure 4-8b shows the ice formation started after 75% of the 
airfoil chord when plasma ratio was 0.66. Higher input voltage results in greater temperature 
increase as it can be seen in Figure 4-9b, which subsequently allowed the warmed water film to 
travel further downstream before freezing. As the electrode width increased to 16mm, it was 
observed that ice rivulets covered more area on the airfoil surface. However, it can be seen from 
the Figure 4-9c that overall surface temperature of plasma region was substantially higher due to 
higher voltage input. With only 2 gap in between electrodes, high temperature regions from the 
heat dissipation were localized. In opposition, increasing the plasma ratio would result more 
uniform temperature distribution, but both voltage input and temperature increase would be lower 
as shown in Figure 4-8a and Figure 4-9a. Rodrigues et al. [32] showed that higher voltage input 
resulted in higher thermal energy release from plasma actuators. Anti-icing performance of 
streamwise-oriented plasma based systems depend on high voltage input, while allowing more 
heat from gaps in between electrodes to dissipate downstream. While keeping active plasma region 
larger offers more uniform heat dissipation downstream, it limits the voltage input. On the other 
hand, a smaller plasma region allows for higher voltage input, hence higher temperature increase, 
but heat dissipation becomes less effective. It is suggested that anti-icing performance can be 
improved by balancing the high voltage input and the active plasma area. Results show when 
plasma ratio was 0.66 and V=13.8kV streamwise plasma actuator performed better in terms of 
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Figure 4-8. Ice formation over the airfoil with plasma ratio of (a) 0.78, (b) 0.66, (c) 0.33 at t= 





Figure 4-9. Temperature map over the airfoil with plasma ratio of (a) 0.78, (b) 0.66, (c) 0.33 at 
t= tspray + 150s. U=40m/s, T=-5°C, LWC=1.5g/m3, Pd=12.2kW/m2. 
Conclusion 
DBD plasma actuator orientation and layouts were investigated for their effects of icing 
mitigation. Experiments were conducted in ISU-IRT in glaze icing conditions. Anti-icing 
performance of the airfoil models with DBD plasma actuators is tested. The surface temperature 
was measured by using infrared thermometry, and the dynamic icing process was captured using 
high-speed imaging.  
It was shown in this study that streamwise and spanwise oriented DBD plasma actuators 
have different heat transfer mechanisms. Heat dissipates uniformly along the span in the spanwise 
case, while it fluctuates in streamwise configuration showing higher temperature regions in the 
downstream alignment of the gap between electrodes. It is suggested that in the case of streamwise 
configuration, thermal energy generated at the gap between electrodes dissipated more easily to 
the downstream with convective heat transfer; whereas in the case of spanwise configuration, 
conductive heat transfer from plasma region to the exposed electrode and the disturbance of flow 
may result different temperature profile. The results of this study show the streamwise array 
performed better than the spanwise case in terms of anti-icing efficiency.  
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Streamwise configuration was further optimized by altering the active plasma area under 
typical glaze icing conditions (i.e. U=40m/s, T=-5°C, LWC=1.5g/m3). It was shows that anti icing 
performance of the configuration with 66% active plasma area was the ideal configuration for 
aircraft icing mitigation. 
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Abstract 
During flight into the clouds in cold temperatures, aircraft come across supercooled 
droplets resulting ice formation over the airframe surfaces. Iced-over airfoils greatly impact flight 
performance and safety. In the present study, the thermal effects induced by DBD plasma actuation 
were experimentally investigated in order to explore its potential as an alternative strategy to 
current anti-/de-icing methods for aircraft icing mitigation. A series of experiments were 
conducted in quiescent air using a flat plate model with single DBD plasma actuator and in the 
Iowa State University Icing Research Tunnel (ISU-IRT) with a NACA0012 airfoil/wing model 
embedded with DBD plasma actuators. During the experiments, in addition to recording the 
dynamic ice accretion process by using a high-speed imaging system, the quantitative surface 
temperature measurements were obtained using an Infra-Red (IR) thermal imaging system. The 
thermal effects induced by alternative current driven AC-DBD and nanosecond pulsed driven NS-
DBD plasma actuators were compared. The dynamic icing process was also investigated with the 
NS-DBD plasma actuation under different pulse repetition frequencies. It was shown that thermal 
energy induced by NS-DBD is higher than AC-DBD, and the anti-/de-icing performance of NS-




Freezing weather conditions put flight safety in danger due to possibility of ice buildup on 
the surfaces of aircraft. Ice formed on aircraft surfaces, such as wing and tail, disrupt aircraft 
performance by increasing drag and decreasing lift [1]. Ice accretion on aircraft surfaces may occur 
on ground or in-flight. Green [2] documented 248 ground icing events and 308 in-flight icing 
events from 1982 to 2011. In-flight aircraft icing happens when supercooled water droplets 
impinge and freeze on the surface as aircraft travel in clouds [3]. Ice accretion process is influenced 
by the geometry of the body, surface type, airspeed, temperature, liquid water content (LWC) and 
droplet size [4]. Ice accretion can follow either dry growth or wet growth process. During dry 
growth, impinging droplets release latent heat quickly and freeze on impact. On the other hand, in 
the wet growth process, droplets can deform and run back along the surface because the droplets 
are not able to lose the latent heat quickly. The dry growth process is related with rime ice, which 
is white and opaque, and wet growth process with glaze ice, which is clear and glossy. The 
transition between rime and glaze ice is called mixed ice [5]. Rime ice forms at low temperatures 
when LWC is low and droplets are small; whereas glaze ice forms at warmer temperatures below 
freezing point when LWC is high, and droplets are larger [4,5].  
Several in-flight anti-icing and de-icing methods have been developed to mitigate ice, such 
as freezing point depressants [6], pneumatic boots [6,7], hot-bleed-air anti-icing systems [6,8–10] 
and electro-thermal heating [6,11,12]. Along with the methods, superhydrophobic coatings are 
proposed as an anti-icing method [13–15]. Although developed anti/de-icing systems reduce the 
icing effects, they usually fail to completely remove or have additional drawbacks. For example, 
systems such as pneumatic boots and hot bleed air systems may affect aircraft aerodynamics. 
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Electro-thermal heating systems can successfully melt the ice at the leading edge, however run-
back ice may take place downstream of the airfoil. 
In addition to the icing prevention methods described above, the thermal effects induced 
by plasma generation are suggested recently as a promising anti-/de-icing method [16–19]. Surface 
dielectric barrier discharge (SDBD) plasma actuation has gained great attention in last decades for 
flow control purposes. DBD plasma actuators generally consist of two electrodes asymmetrically 
separated by a dielectric layer. A high voltage is applied between the electrodes to generates 
discharge, which ionizes the air over covered electrode [20]. Extensive overviews about using 
dielectric barrier discharge (DBD) plasma actuators as active flow control devices were done by 
at Moreau [21] and Corke et al. [22]. Two types of DBD plasma actuators exist: (1) alternating 
current driven (AC-DBD) and (2) high voltage repetitive nanosecond pulse driven (NS-DBD). 
Even though AC-DBD and ns-DBD have the same arrangements, their working principles are 
different. AC-DBD plasma actuator induces near wall jet, whereas ns-DBD plasma actuator 
induces a thermal effect that generates a local compression wave [23–27]. Further Joussot et al. 
[28] investigated the thermal effect of DBD plasma actuators using infrared imaging, showing that 
surface temperature of dielectric layer increases significantly during the plasma actuation. Broecke 
[16] tested the de-icing capabilities of NS-DBD plasma in a cold air chamber, while Cai et al. [17] 
experimentally investigated the influence of DBD plasma actuator to remove ice on a cylinder 
model in icing wind tunnel. To author’s knowledge, Zhou et al. [18] were first to conduct anti-
icing effectiveness of DBD plasma actuators on an airfoil surface. More recently, Liu et al. [19] 
conducted a comparison study which utilizes thermal effects of DBD plasma and electrical heating 
for icing mitigation, showed that AC-DBD plasma actuation and have at least, if not better, 
equivalent anti-icing effectiveness compared with traditional electro-thermal heating film.  
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In the present study, an experimental study was conducted to evaluate the thermal effects 
of DBD plasma actuation for the intention of icing mitigation. First, thermal effects of AC-DBD 
and NS-DBD plasma actuation were investigated experimentally on a flat plate in quiescent air, 
and on an airfoil in the Icing Research Tunnel available at Iowa State University (ISU-IRT) by 
using an IR thermal imaging system. Later, dynamic icing process on the airfoil model embedded 
with NS-DBD plasma actuators in ISU-IRT under icing conditions was investigated. High speed 
imaging and infrared imaging systems were used to record dynamic icing process and to map 
surface temperature of airfoil with and without plasma actuation. 
 Experimental methodology 
Experimental Models and Plasma Actuators 
Flat Plate Model 
A schematics of the flat plate model is shown in Figure 5-1. A plasma actuator was employed 
on an acrylic glass plate. Surface of the plate was covered ~70 µm thick adhesive copper tape as 
the ground electrode and 0.5mm thick PVC film was attached on whole surface as a dielectric 
layer. An exposed ~70 µm thick copper electrode was placed at the edge of ground electrode. 
Length of the exposed electrode is ~72 mm. 
 




Airfoil Model  
A NACA 0012 airfoil model was used in this study, which was made of a hard-plastic 
material and manufactured by using a rapid prototyping machine (i.e., 3-D printing) that builds 3-
D models layer-by-layer with a resolution of about 25 microns. The wing model has a chord length 
of c = 150 mm, which spanned the width of the test section. Supported by a stainless-steel rod, the 
wing was mounted at its quarter-chord and oriented horizontally across the middle of the test 
section. Schematic of the experimental model is shown in Figure 5-2a. In this symmetric planar 
[29] configuration, active electrodes are on one side of dielectric layer (exposed to the air) with a 
sheet electrode on the other side. The exposed electrodes were subjected to high voltage. The 
encapsulated sheet electrode was connected to ground. The whole surface of the model was 
covered with ~70 µm thick copper tape as the ground electrode and five layers of PVC film for the 
dielectric layer. The total thickness of dielectric layer was ~0.5 mm. Lastly, nine copper electrodes 
were positioned above PVC film as active electrodes. Length and thickness of exposed electrodes 
are ~127mm and ~70 µm, respectively. The experimental model consisted of two sections side by 
side. Both sections were built identical to simulate surface roughness, but high voltage applied to 
only one side. The model was mounted in the middle of the test section of wind tunnel across the 
span as shown in Figure 5-2b. The angle of attack is manually adjustable from the side wall of test 
section using a digital inclinometer. 
High voltage was supplied to the plasma actuators by two different power generators. AC-
DBD plasma actuation accomplished by Nanjing Suman Co. CTP-200K high voltage AC 
generator. A variable autotransformer was used to regulate the input power. Current measurements 
are obtained from a Pearson Current Monitor model 2877, and RIGOL ds1074z oscilloscope 





(a)                                             (b) 
Figure 5-2. (a)Schematic of experimental model, (b)Experimental model inside the test-
section 
High voltage nanosecond pulses were achieved by FID based nanosecond pulse generator. 
It has the capability to generate high voltage nanosecond pulses with 25ns width, and pulse 
frequency (PRF) can be adjusted up to 10kHz. Power measurements are accomplished via back-
current shunt technique [25]. A shunt resistor placed in the middle of the ground electrode of 
coaxial cable, which provided high voltage to the plasma actuators on the airfoil model. The 
voltage across the shunt was monitored by Tektronix MDO3104 mixed domain oscilloscope. 
Iowa State University Icing Research Tunnel 
The experiments on the NACA 0012 airfoil model were performed in the unique Icing 
Research Tunnel available at Aerospace Engineering Department of Iowa State University (i.e., 
ISU-IRT). Schematic of ISU-IRT is shown in Figure 5-3. The ISU-IRT is a multifunctional icing 
research tunnel with a test section of 2.0 m in length × 0.4 m in width × 0.4 m in height with four 
side walls being optically transparent. FLIR IRW-4C infrared inspection window placed in the top 
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panel of the test section. Above the window, FLIR A615 infrared (IR) camera was mounted as 
shown in Figure 5-3. ISU-IRT has the capacity of generating a maximum wind speed of 60m/s and 
an airflow temperature down to −25 °C. An array of 8 pneumatic atomizer/spray nozzles are 
installed at the entrance of the contraction section of the icing tunnel to inject micro-sized water 
droplets (10 ~ 100 μm in size) into the airflow. By manipulating the water flow rate through the 
spray nozzles, the liquid water content (LWC) in ISU-IRT could be adjusted (i.e., LWC ranging 
from 0.1 g/m3 to 5.0 g/m3). In summary, ISU-IRT can be used to simulate atmospheric icing 
phenomena over a range of icing conditions (i.e., from dry rime to extremely wet glaze ice 
conditions). Further information about ISU-IRT is available in Waldman et al. [30].  
 
Figure 5-3. Schematic of the ISU Icing Research Tunnel 
Results and Discussion 
DBD plasma-water/ice interaction in quiescent air  
 Weakly conductive liquids, such as water, influence the discharge dynamics as 
conductivity of dielectric layer is changed. Leonov et al. [31] demonstrated that polar liquids act 
as conductor in AC discharges and as dielectric in nanosecond discharges. Which means in AC 
discharges, plasma appears at the edge of water, whereas plasma formation is expected to be above 
the water layer in nanosecond discharges. In this section, the behavior of plasma and surface 
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temperature during plasma-water and plasma-ice interaction is investigated on a flat plate in 
quiescent air with similar power input. 
 
Figure 5-4. Plasma-water interactions. Snapshots of (a) AC-DBD, (b) NS-DBD with water film 
at the edge of exposed electrode.  Surface temperatures of (c) AC-DBD, (d) NS-DBD at t=40 s. 
(AC-DBD voltage V=14kV, frequency f=2.5kHz, Power per unit length P≈130W/m; NS-DBD 
voltage V=14kV, pulse repetition frequency PFR=1kHz, Power per unit length P≈130W/m) 
Figure 5-4 shows snapshots of plasma-water interactions and thermal camera images for 
both AC and nanosecond DBD. As it can be seen clearly in Figure 5-4, plasma glow was at the 
edge of water for AC discharge and above the water film for nanosecond discharge. Because of 
much longer characteristic time than nanosecond pulse, water film behaves as dielectric during 
nanosecond discharge [31]. The heating process over water film was explored using an IR thermal 
camera. Figure 5-4c shows the surface temperature of water over AC-DBD. As plasma glow 
appears at the water edge, the water temperature rises at both the edge of the water and at the edge 
95 
 
of the exposed electrode. Heat transfers from plasma glow and copper exposed electrode to water 
film resulting the increase of water temperature. On the other hand, for the case of NS-DBD, in  
Figure 5-4d, the temperature increase of water film begins from the edge of the exposed electrode. 
While both AC and NS-DBD induce thermal effects, surface temperature of water film and 
dielectric layer was significantly higher at the case of NS-DBD for the same power input. The tests 
were run for 40 seconds, and snapshots of before and after the actuation are shown in Figure 5-5. 
water evaporation can be seen clearly in the case of nanosecond discharge.  
 
 
Figure 5-5. Snapshots of before and 40 seconds after the plasma actuation. (a), (c) AC-DBD and 
(b), (d) NS-DBD 
Further investigations of plasma and ice interaction were carried out as well. Flat plate with 
water at the edge of exposed electrode was frozen to -25 °C, and immediately tested for 10 seconds 





Figure 5-6. Plasma-ice interactions. Snapshots of (a) AC-DBD, (b) NS-DBD with ice at the edge 
of exposed electrode.  Surface temperatures of (c) AC-DBD, (d) NS-DBD at t=10 s. (AC-DBD 
voltage V=14kV, frequency f=2.5kHz, Power per unit length P≈275W/m; NS-DBD voltage 
V=14kV, pulse repetition frequency PFR=1kHz, Power per unit length P≈125W/m) 
 
Figure 5-6 shows snapshots of plasma-ice interactions and thermal camera images for both AC 
and nanosecond DBD. Similarly, the interaction of water, plasma glow was seen at the ice edge 
during the AC discharge, and above the ice layer during the nanosecond discharge. Unlike the 
water interaction in AC-DBD case, plasma at the ice edge did not appear immediately. Plasma 
glow became visible when the temperature of the ice increased enough to melt some of the ice at 
the ice boundary. As it can be seen in Figure 5-7 that, because of induced thermal energy was 




Figure 5-7. Snapshots of before and 10 seconds after the plasma actuations. (a), (c) AC-DBD 
and (b), (d) NS-DBD. 
 
Surface Temperature Evolution of AC-DBD and NS-DBD with cold external flow 
 Dielectric surface temperature depends on convective heat transfer of generated heat within 
the air. Electrical parameters influence thermal energy generation. The surface temperatures of 
AC-DBD and NS-DBD were compared with matching average power input. Surface temperature 
measurements were performed in ISU-IRT at -5 °C temperature, 40 m/s airflow speed for both 
NS-DBD and AC-DBD plasma actuation. Figure 5-8a shows voltage pulse shape across the shunt 
for NS-DBD.  NS-DBD pulse width was ~25ns; rise time was ~3 ns; the maximum voltage is 
~10kV. Energy in a single pulse is calculated as the difference between incident pulse and the 
reflected pulse [25] and found to be ~12.75 mJ/m. Pulse frequency was set to 1kHz. Thus, the 
average power of NS-DBD was ~12.75 W/m. Figure 5-8b shows sinusoidal voltage and current 
trace over time for AC-DBD. The average power per unit length of the electrode was adjusted to 
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12.75 W/m by controlling the voltage and frequency. Here, peak to peak AC voltage and frequency 
were ~7kV and ~3.5 kHz, respectively.  
 
 (a)  (b) 
Figure 5-8. (a) Voltage and current trace of NS-DBD, (b) Voltage pulse shape for AC-DBD 
Figure 5-9 shows the time sequence of the heating process during AC-DBD and NS-DBD 
plasma actuation at wind speed of U=40m/s, and free stream temperature of T= -5°C. Experiments 
were performed separately and presented side by side after image processing. The left side of 
frames display AC-DBD plasma actuators, and the right side of frames represent the NS-DBD 
plasma actuators. At t=0, before plasma actuation is turned on, the surface temperatures of the 
airfoil were same as free stream air temperature, T= -5 °C. After the discharge is switched on, the 
temperature of dielectric surface begins to increase as the time progresses. Due to the cold external 
flow, generated heat dissipates from the dielectric surface during the operation, resulting in a small 
amount temperature increase. This heat dissipation from the dielectric surface temperature kept 
increasing because of convective heat transfer from the hot gas above dielectric layer. At t=5 s, in 
the case of AC-DBD, surface temperature peaked at the edges of exposed electrodes and dropped 
as farther downstream. This phenomenon was also observed by Joussot et al. [28] and Tirumala et 
al. [32] in quiescent air. In the case of NS-DBD, the decrease of surface temperature downstream 
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of electrodes was not steep as AC-DBD case, which suggests that heated surface area of NS-DBD 
is larger than AC-DBD. After 80 seconds of plasma actuation, the thermal equilibrium were almost 
reached, and surface temperatures became steady. It should be noted that exposed copper 
electrodes were masked on temperature maps, as emissivity of copper is ~0.03, and emissivity of 
PVC dielectric layer is ~0.93. In previous studies[18,19], it was shown that temperature of exposed 
copper electrode increases during plasma actuation.  
 
 





Figure 5-10 shows a sketch of heated volume in the air during plasma operation. The heat 
generation mechanism of nanosecond pulse discharge and sinusoidal AC discharge are different. 
Thermal energy generated by AC-DBD was localized at edge of the exposed electrode and at the 
presence of external airflow, heat is dissipated into the external airflow. In the case of NS-DBD, 
fast energy deposition into the air leads to development of heated gas close to actuator and each 
pulse contributes to expansion of the heated volume [24]. The continuous expansion of heated gas 
after nanosecond pulses is allowing the heat to dissipate larger volume. As a result, the effective 
heated area of NS-DBD is larger than AC-DBD. 
 
 
Figure 5-10. Sketch of heated volume by AC-DBD and NS-DBD 
Figure 5-11 shows average surface temperature variation of selected distances in time for 
AC-DBD and NS-DBD plasma actuation at wind speed of U=40m/s, and free stream temperature 
of T= -5°C. Three different distances from the leading edge were selected for surface temperature 
measurements: distances A, B, and C at 12%, 25% and 35% of the airfoil cord, respectively. 
Surface temperatures of selected distances were the same as airflow temperature before the plasma 
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actuation. After the plasma actuation turned on, the surface temperatures increased rapidly with 
time. There was no significant surface temperature difference observed between NS-DBD and AC-
DBD for distance A. Temperature increased about 3 °C at distance A for both AC-DBD and NS-
DBD plasma actuation. However, at distance B and C, where the distance between plasma 
actuators is relatively longer than distance A, the dielectric layer temperature increase for NS-
DBD was more substantial than compared to AC-DBD. After 110 seconds of operation, average 
temperature at distance B is measured as 2 °C for NS-DBD case and -3.5°C for AC-DBD case. At 
distance C, it was measured as -3 °C and -4.5 °C for NS-DBD and AC-DBD, respectively. It can 
be derived from the results that heated area of the airfoil with NS-DBD is larger than the airfoil 
with AC-DBD. The thermal energy generated was concentrated in between the exposed electrodes 
where they were close to each other. Subsequently, surface temperatures of AC-DBD and NS-
DBD were same at these regions. Yet, at locations where spacing between electrodes was more 
prolonged than effective plasma region, the thermal energy generated by NS-DBD has dissipated 
farther away from the electrode.  
 




Dynamic Icing Process During NS-DBD Plasma Actuation 
The dynamic icing process of NS-DBD is investigated via varying pulse repetition 
frequency on. Wind speed was fixed at 40m/s, freestream air temperature was set T∞ = -10 ºC, and 
LWC is adjusted to 1.5 g/m3. The experiments conducted for 2kHz, 4kHz, 6kHz and 8kHz pulse 
repetition frequency. Average power per unit length of electrode were calculated by converting 
total energy input into power based on pulse repetition frequency. Energy in one nanosecond pulse 
was measured as ~12.75 mJ/m via back-current shunt technique. Thus, power inputs were 
calculated as P ~ 25W/m at PRF=2kHz, P ~ 50W/m at PRF=4kHz, P ~ 75W/m at PRF=6kHz and 
P ~ 100W/m at PRF=8kHz. In all cases, NS-DBD plasma actuation was activated before icing 
process, and the spray system of ISU-IRT is turned on at time tspray.  
Figure 5-12 shows the snapshots of the airfoil model with NS-DBD plasma actuators after 
60 seconds of ice accretion at wind speed of U=40m/s, LWC=1.5g/m3 and ambient temperature of 
T= -10°C. Voltage of the nanosecond pulses was set to maximum capability of the of the power 
generator, i.e. 10kV. High voltage was only applied to the actuators on the right side of the airfoil. 
The icing process starts when supercooled water droplets impinged onto leading edge of the airfoil, 
at t= tspray. It can be seen Figure 5-12a that when the PFR=2kHz, as supercooled water droplets 
impinge on the airfoil surface then release their latent heat and freezes around the leading edge on 
both side plasma-off and plasma-on side of the airfoil. As time goes on, more ice builds around 
the leading edge due to increased total number of impinging droplets. Generated thermal energy 
of NS-DBD is not enough to prevent ice accretion around the leading edge in this case. Figure 
5-12b shows the snapshot of the case PFR=4kHz. At initial stages of the icing process, heat 
generated by NS-DBD is able to avoid ice buildup on plasma-on side of the airfoil, while droplets 
immediately freeze on plasma-off side of the airfoil.  In first five seconds of icing process, water 
film is formed at the leading edge and advances further downstream of the airfoil and turns into 
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rivulets. After 5 seconds of the first droplet impingement, water film and rivulets started to freeze 
and ice accumulation was observed around the leading edge. More water droplets were collected 
in time and freeze in latter stages. However, when pulse repetition frequency was increased to 
PRF=6kHz and 8kHz, Figure 5-12c and Figure 5-12d thinner ice formation was observed due to 
increasing net energy input into the system. Impinging droplets form a water film at the leading 
edge, and water rivulets form further downstream. Pulse repetition frequency of NS-DBD has a 
significant effect on anti-icing performance. This matter was also mentioned by Broecke[16]. 
Increasing the pulse repetition frequency provides higher power flux which generates more 
thermal energy. Therefore, better anti-icing performance is achieved. 
 
 
Figure 5-12. Snapshots of the iced airfoil model after 60 seconds of ice accretion at wind speed 
of U=40m/s, LWC=1.5g/m3, and ambient temperature of T= -10°C, with the NS-DBD plasma 
actuation (right) operated at V=10kV, (a) PRF=2 kHz, (b) PRF=4 kHz, (c) PRF=6kHz, (d) 
PRF=8 kHz. 
 
Time evolution of temperature distribution over the airfoil at PRF=6 kHz is shown in 
Figure 5-13. NS-DBD plasma was activated before the spray system is turned on. Convective 
thermal energy transfers from airfoil surface to supercooled water droplets prevented ice 
accumulation at the leading edge. Water droplets gain heat and run back after impinging on the 
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airfoil surface. It can be seen at t= tspray +5 s that water film forms around the leading edge. As 
water film passes through plasma regions and advances downstream of the airfoil, the heat within 
the plasma region transferred to water film with convection. Ice began to build at the stagnation 
point of the airfoil after 15 seconds. In comparison to the cases where PRF = 2kHz and 4kHz, the 
generated heat resulted in a relatively thinner ice layer.” 
 
Figure 5-13. Time evolution of temperature distribution over the airfoil with NS-DBD plasma 
actuators (U∞=40 m/s, T∞=-10 ºC, LWC=1.5 g/m3, V=10kV, PRF = 6kHz) 
 
Figure 5-14 presents relative temperature measurements history for PRF=2kHz, 4kHz, and 
6 kHz at selected measurement distances. It can be seen from the Figure that surface temperature 
of all three selected distances increased rapidly before dynamic icing process. For the case of 
PRF=6kHz, surface temperatures were highest at each distance. It can be found in Figure 5-14a 
that surface temperature of plasma region at 12% of the cord reached a maximum and decreased 
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gradually after the spray system is turned on. After about 30 seconds of icing process, the surface 
temperature became stable. The temperature difference for the case of PRF=6kHz was 3°C while 
it was 1°C for PRF=2kHz and 2°C for PRF=4kHz. Figure 5-14b presents the surface temperature 
history of distance B, which is 25% of the airfoil chord. Surface temperature same as free stream 
temperature before plasma actuation is started. The dielectric surface temperature increased 
quickly until spray system is turned on. After the spay system turned on, temperature was slightly 
decreased for the case of PRF=2kHz and became steady. For the case of PRF=4kHz and 6kHz, the 
surface temperatures jump after spray system is turned on and became stable. The temperature 
bounce for 6 kHz case is about 1°C, whereas it is not significant for 4 kHz but observable. In initial 
stages of the icing process, thermal energy generated by plasma actuators located at the leading 
edge of the airfoil transferred to the impinged water droplets. As these relatively warm droplets 
run back and arrive at distance B, more heat release is observed. The quantity of impinging droplets 
increases in time, causing the temperature to eventually drop. After about 30 seconds, thermal 
equilibrium is reached. Relative temperature variation history of distance at 35% of the cord is 
shown in Figure 5-14c. Surface temperature increase before the spray system turned on at this 
distance were lower compared to other investigated distances. It should be noted that the distance 
C was selected in between the exposed electrode where the distance between electrodes is longer 
than other selected measurement locations. Plasma volume did not extend to the measurement 
distance C during the experiments. For the case of PRF=2kHz, temperature remains the same after 
the beginning of icing process. Since most of the impinging droplets freeze at the leading edge, 
temperature downstream is not affected. When PRF=4kHz and 6kHz, the temperatures kept 
increasing and became stable after 30 seconds. Water droplets gain thermal energy from the plasma 
at the leading edge forming thin water layers. The water layer then turns into rivulets downstream 
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and does not influence surface temperature. The thermal equilibrium between plasma and surface 
was not reached at the time of t= tspray, therefore temperatures for each case continually increased 
until t= 30 s, then remained steady.  
 
Figure 5-14. Relative temperature variation history at different PRF at (a) Distance A, (b) 
Distance B, (c) Distance C (U∞=40 m/s, T∞=-10 ºC, LWC=1.5 g/m3, V=10kV, Red solid line 
indicates beginning of plasma actuation, dashed line indicates beginning of icing process(tspray)) 
Conclusion 
An experimental study was conducted to investigate the thermal effects associated with AC-
DBD and NS-DBD plasma actuators for the purpose of icing mitigation. Experiments were carried 
out on a flat plate in quiescent air and in ISU-IRT on a NACA 0012 airfoil model. The surface 
temperatures during the plasma actuation were measured by using infrared thermometry. 
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This study explored the interaction of plasma with water and ice. It was revealed that when 
water or ice is present in plasma region, heating process of AC-DBD and NS-DBD follow different 
path due to the variable behavior of weakly conductive surfaces. Results also show that the surface 
temperature of NS-DBD increases higher than the surface temperature of AC-DBD. NS-DBD is 
more efficient in terms of removing the water and ice from the plasma region.  
The effect of plasma generation type on an airfoil surface temperature was investigated 
with cold external flow. Surface temperature of dielectric layer increased rapidly for about 20 
seconds of operation, then slowly approached to thermal equilibrium. AC-DBD and NS-DBD 
plasma actuators were operated with equivalent power input, and higher temperature of dielectric 
region observed further along the encapsulated electrodes during NS-DBD plasma actuation due 
to the expansion of hot gas region after nanosecond pulse discharges. Results showed that heat 
dissipation for NS-DBD is more effective than AC-DBD, which suggests better anti-icing 
performance.  
Dynamic icing process during the NS-DBD plasma actuation was investigated at U∞=40 
m/s, T∞=-10 ºC, LWC=1.5g/m3. The thermal energy generated by NS-DBD plasma actuation was 
not sufficient enough to overcome convective heat transfer when nanosecond pulse repetition 
frequency was comparatively low (i.e., 2kHz and 4kHz). Thus, ice accretion is observed around 
the leading edge of the airfoil. Increasing pulse repetition frequency to 6kHz and 8kHz result 
thinner ice formation due to the increase of total thermal energy input. It is also considered that 
temperature of supercooled droplets increases while passing through warm air above the airfoil. 
This study demonstrates the thermal effects induced by NS-DBD can prevent ice formation 
and NS-DBD plasma actuation is an effective anti-icing method for aircraft in-flight icing 
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mitigation. Icing control by plasma actuators is promising and further investigations will be 
conducted to optimize actuators layout for efficient anti-icing operations 
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Abstract 
A comprehensive study was performed to explore the thermal characteristics of NS-DBD 
plasma actuation over an airfoil/wing surface and evaluate the anti-/de-icing performance of NS-
DBD plasma actuators for aircraft in-flight icing mitigation. While the fundamentals of thermal 
energy generation and heat transfer in NS-DBD plasma actuation over the airfoil/wing model were 
described in great details, a series of experiments were conducted to evaluate the effects of 
different environmental parameters on the heating efficiency of NS-DBD plasma actuators over 
the airfoil/wing surface. With the temporally-synchronized-and-spatially-resolved high-speed 
visualization & infrared (IR) imaging system, not only the transient thermal characteristics of NS-
DBD plasma actuation over the airfoil/wing surface were revealed, but also the anti-icing 
performances of the NS-DBD plasma actuators were evaluated under different icing conditions, 
i.e., rime, mixed, and glaze. The impacts of incoming airflow velocity, air temperature, and angle 
of attack (AOA) of the airfoil/wing model on the thermal characteristics of NS-DBD plasma 
actuation over the airfoil/wing surface were systematically investigated based on the measurement 
results. It was found that the thermal characteristics of NS-DBD plasma actuation over the 
airfoil/wing surface are closely coupled with the boundary layer airflow and the unsteady heat 
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transfer process over the airfoil/wing model exposed in the frozen-cold airflows. The anti-icing 
performances of the NS-DBD plasma actuators under the different icing conditions were found to 
be varying significantly due to the variations of surface heating efficiency of the NS-DBD plasma 
actuators. The anti-/de-icing performance of the NS-DBD plasma actuators was found to be 
improved dramatically by increasing the operating frequency of the plasma actuators. The findings 
derived from the present study are very helpful to explore/optimize design paradigms for the 
development of novel plasma-based anti-/de-icing strategies tailored specifically for aircraft 
inflight icing mitigation to ensure safer and more efficient aircraft operation in atmospheric icing 
conditions.  
Introduction 
Ice accretion on aircraft is one of the most serious hazards to flight safety in cold weathers. 
Aircraft flying in cold climates would encounter icing events when the super-cooled water droplets 
suspended in the air impact on aircraft surfaces [1]. The rapid ice formation and accretion on 
aircraft surfaces would dramatically change the original profiles of aircraft wings, which can 
significantly decrease the lift and increase the drag of aircraft in icing conditions [2]. Though many 
efforts have been made in the past decades to investigate the ice accretion phenomena on aircraft 
surfaces [3–8], aircraft icing remains an important unsolved problem that is threatening the flight 
safety in cold climates. 
Over the years, a number of anti-/de-icing systems (including both active and passive 
methods) have been developed for aircraft icing mitigation. While most of active anti-/de-icing 
methods require energy expenditure [9] or the use of deicer chemicals [10], passive anti-icing 
strategies are mainly dependent on the utilization of specialized hydro- and ice-phobic 
coatings/materials [11–16]. Although the goal of reducing/preventing ice accretion on the surfaces 
of airplanes has been achieved by using these techniques, they are suffering from various 
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drawbacks. For example, the extensive use of de-icing fluids at airports has caused significant 
environmental pollutions to soil and underground water due to the deposition and dissipation of 
aqueous solutions of propylene and ethylene glycol along with other chemical additives [10]. 
Mechanical (e.g., pneumatic) and ultrasonic-based anti-/de-icing systems have been used to break 
off ice chunks accreted on aircraft surfaces, which may pose foreign object damage (FOD) hazards 
to aero-engines [9]. The hydro- and ice-phobic coatings/materials that have been demonstrated to 
be icephobic in static laboratory tests are found to be unreliable (i.e., especially for the aircraft in-
flight icing scenarios with high-speed impacts of super-cooled water droplets onto aircraft 
surfaces) and have very poor durability in repelling ice accretion due to the rapid degradation of 
the coatings/surfaces under harsh icing conditions [16,17]. While electro-thermal anti-/de-icing 
systems have been used to melt out ice by heating aircraft surfaces [18–20], they are usually very 
inefficient and have demanding power requirements. Thus, it is highly desirable to develop novel 
anti-/de-icing techniques with less complexity, power requirement, and adverse environmental 
impacts for aircraft icing mitigation.  
In recent years, a novel plasma-based anti-/de-icing technique has been proposed by 
utilizing the thermal effects induced in Dielectric-Barrier Discharge (DBD) plasma actuation 
[21,22]. DBD plasma actuation is a type of discharge producing an ionized gas at the dielectric 
surface when high amplitude and high frequency of Alternative Current (AC) voltage, i.e., AC-
DBD, or nanosecond-scale pulsed voltage, i.e., NS-DBD, is applied between two electrodes 
separated by a dielectric layer [23].  As a widely used flow control method, DBD plasma actuation 
has drawn extensive attentions in the aerospace community over the past decades [24–26]. 
Numerous studies have been conducted to improve the efficiency of DBD plasma actuators in flow 
separation control and modulation of boundary layer transition [23]. DBD plasma actuators are 
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usually designed to be located at the leading-edge regions of airfoils/wings where the aerodynamic 
characteristics alter greatly as the incoming flow changes. It should be noted that, such 
aerodynamically delicate regions are always the preferential sites for aircraft in-flight ice accretion 
in cold weathers [22]. By utilizing the intense thermal effects during the plasma discharge [27,28], 
DBD plasma actuators are suggested to be a promising candidate for both flow control and icing 
mitigation on aircraft.  
It should be noted that, while DBD plasma actuation has been demonstrated to be able to 
reduce/prevent ice accretion on airfoil/wing surfaces efficiently [29], almost all the previous 
studies have focused on AC-DBD plasma actuation [21,22]. In comparison to AC-DBD plasma 
actuation, NS-DBD plasma actuation has been found to have a much higher power density and 
faster gas heating effect during plasma discharge, which can result in a ring of expansion waves 
and compressive waves propagating with the velocity of sound [30]. By utilizing the ultra-fast 
heating mechanisms of NS-DBD plasma actuation, some preliminary studies have been performed 
[31,32] to demonstrate the feasibility of utilizing NS-DBD plasma actuators for aircraft icing 
mitigation. However, the thermal characteristics of NS-DBD plasma actuation and their coupling 
effects on the unsteady heat transfer and boundary layer airflow over ice accreting airfoil/wing 
surfaces are never explored, which is of great importance in understanding the relevant underlying 
mechanisms for aircraft icing mitigation. 
In the present study, an experimental investigation was conducted to examine the thermal 
characteristics of NS-DBD plasma actuation over an airfoil/wing surface under various 
experimental conditions in order to gain further insight into the underlying physics for a better 
understanding about the coupling effects of NS-DBD plasma actuation on the characteristics of 
the unsteady heat transfer and boundary layer airflow over the ice accreting airfoil/wing surfaces. 
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The anti-/de-icing performances of the NS-DBD plasma actuators were also evaluated with the 
airfoil/wing model being exposed in different icing conditions (i.e., rime, mixed, and glaze). The 
impacts of incoming airflow velocity, air temperature, and angle of attack (AOA) of the 
airfoil/wing model on the thermal characteristics of NS-DBD plasma actuation as well as the anti-
/de-icing performances of the NS-DBD plasma actuators at different operating frequencies were 
systematically investigated in order to explore/optimize design paradigms for the development of 
novel plasma-based anti-/de-icing strategies tailored specifically for aircraft inflight icing 
mitigation.  In the text that follows, the fundamental basis and theories for the thermal energy 
generation and heat transfer in NS-DBD plasma actuation are described in great details at first. 
Then, the experimental setup and measurement system used in the present study will be illustrated. 
While the measurement results will be presented, discussions will also be given to analyze the 
findings derived from the present study, in comparison with those reported in previously published 
literatures.    
Thermal Energy Generation in NS-DBD Plasma Actuation 
 Previous studies [30,33,34] have demonstrated that NS-DBD plasma actuation would 
induce an ultra-fast gas heating during the nanosecond high-voltage discharge, which can 
dramatically affect the kinetics of chemical reactions and lead to the development of shockwaves 
in the near-surface gas layer. When the nanosecond-pulsed high-voltage signals are applied to the 
electrodes, a high-intensity electric field would be generated between the exposed electrode and 
the grounded electrode separated by the dielectric layer. Driven by the electric field, the free 
electrons and ions in the air are responsible for energy transmission from the external power source 
to gas heating [30,35]. As suggested by Popov [36] and Aleksandrov et al. [37], the dynamics of 
gas heating during the plasma discharge are mainly caused by the complex collisions, reactions, 
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and interactions between electrons, ions, and the excited molecules generated in the electrical field 
as illustrated in Figure 6- 1.  
 
Figure 6-1: Gas heating mechanisms in NS-DBD plasma actuation. 
 
When the free electrons impact the molecules in the air (e.g., N2 and O2), these molecules 
would be excited from the ground states to the electronic states: 
 
2 2N Ne e
     (6.1) 
  32 2O O ,ue e B v

      (6.2) 
  3 32 2O O , uue e A C

      (6.3) 
Then, dissociation of the excited molecules would occur, generating a significant amount 
of thermal energy [36]: 
    4 22N N N RS D       (6.4) 
      3 3 12O , O O RuB v P D 

     (6.5) 
      3 3 3 32O , O Ou RuA C P P 

      (6.6) 
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When electrons impact with the molecular ions in the electrical field, recombination would 
also occur [37]: 
    3 12O O O Re P D       (6.7) 
    3 2NO O N Re P D       (6.8) 
    4 22N N N Re S D       (6.9) 
during which processes, the energy would be released between the electronic and translational 
degrees of freedom of the produced atoms [36].  
During the dissociation processes of the electronically excited molecules, while the energy 
released in the collisions is expended on the rotational excitation of molecules and gas heating, the 
rotational energy is relaxed into the translational degrees of freedom during the multiple collisions, 
which is termed as quenching of the excited molecules. The kinetic energy produced in the 
quenching processes is rapidly converted into gas heating [36]. More details on the quenching 
reactions of the electronically excited molecules can be found in Popov [36]. It should be noted 
that a large number of excited oxygen atoms O(1D) are produced in the 
dissociation/recombination/quenching reactions. These excited atoms can also be quenched by the 
molecules in the air, i.e., N2 and O2: 
      1 32 2O N O N RD P        (6.10) 
      1 3 12 2O O O O , 2gD P b 

      (6.11) 
It is suggested about 70% of the excitation energy of the excited atoms O(1D) is expended 
on gas heating [36]. Along with the above dissociation and quenching reactions, the excited 




        3 32 2N +O N 1 +O RP P       (6.12) 
which is considered to be a significant reaction contributing to the gas heating. 
 
Heat Transfer in NS-DBD Plasma Actuation  
Heat Transfer Processes over the Airfoil/Wing Surface during NS-DBD Plasma Actuation 
While many previous studies have revealed the mechanisms of ultra-fast gas heating in 
NS-DBD plasma actuation [36–38], they were mostly derived in the condition of plasma actuation 
over a flat plate in still air, very few was conducted to investigate the very complex heat transfer 
process in NS-DBD plasma actuation over an airfoil/wing surface exposed in different airflow 
velocity and air temperature conditions, especially in frozen-cold airflow conditions that are 
conducive to icing events. In the present study, a theoretic model of heat transfer is developed, as 
the first of its kind, to reveal the contributing factors that affect the gas/surface heating processes 
over an airfoil/wing surface. 
 
 
Figure 6-2: A schematic of the thermal energy generation and heat transfer process over an 
airfoil/wing surface embedded with NS-DBD plasma discharge. 
Figure 6-2 shows a schematic of the thermal energy generation and heat transfer process 
over an airfoil/wing surface embedded with NS-DBD plasma discharge. Two adjacent control 
volumes are selected at the discharge region (Control Volume 1, i.e., CV1) and the airfoil/wing 
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surface (Control Volume 2, i.e., CV2) as illustrated in Figure 6- 2. Based on the classic energy 
conservation law [39], the control volume may have thermal energy and mechanical energy 
instantly entering and leaving through the control volume, i.e., 
inE and outE . Meanwhile, thermal 
energy may be generated within the control volume, i.e., gE . Thus, the rate of energy change stored 
within the control volume, 
stE , can be expressed in a general form as given in Eq (13).  
 st
st in g out
dE
E E E E
dt
      (6.13) 
The energy change stored within the control volume are essentially due to the changes in 
the internal, kinetic, and/or potential energies of its contents: 
 stE U KE PE         (6.14) 
where U , KE , and PE  are representing the changes in the internal energy, kinetic 
energy, and potential energy. 
For the case of plasma discharge over the airfoil/wing surface, the changes of kinetic and 
potential energies inside the two control volumes are very small and can be neglected. Thus, the 
energy changes stored in the two control volumes are mainly the internal energies, 1U  and 2U  (
1 1gas gas gasU V c T , where ρgas  and cgas are the mass density and the specific heat of the gas in CV1; 
2 2surf surf surfU V c T , where ρsurf  and csurf are the mass density and the specific heat of the surface 
material in CV2). The energy change in CV1 is mainly the disparity between the thermal energy 
generation in plasma discharge and the heat dissipation (i.e., heat transfer from the hot gas in CV1 
to the cold airflow and the airfoil/wing surface). The rate of energy change stored in CV1, 
therefore, can be expressed as: 
 1





       (6.15) 
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where disQ  is the rate of thermal energy generation in plasma discharge, gas airQ   and gas surfQ   
are the rates of convective heat transfer to the cold airflow and the airfoil/wing surface, 
respectively.  
 The rate of convective heat transfer from the hot gas in CV1 to the cold airflow can 
be expressed as: 
  ,gas air cv ai gasr airQ h T T A        (6.16) 
where hcv-air is the convective heat transfer coefficient between the hot gas and the cold 
airflow, Tgas is the temperature of the hot gas in CV1, Tair,∞ is the airflow temperature, and A is the 
projected surface area of CV1. The rate of convective heat transfer from the hot gas to the 
airfoil/wing surface can be expressed in a similar form: 
  gas surf cv su gar sursf fQ h T T A       (6.17) 
where hcv-surf is the convective heat transfer coefficient between the hot gas and airfoil/wing 
surface, Tsurf is the temperature of the airfoil/wing surface. 
Thus, Eq (15) can be expanded in the form of Eq (18)  
    1 1 ,
gas
gas gas dis gas cv air cv surf cv air air cv surf surf
dTdU
V c Q A T h h h T h T
dt dt
               (6.18) 
Hence, 
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   (6.19) 
The energy change in CV2 is essentially a result of the energy input from the hot gas in 
CV1 to the airfoil/wing surface and the energy loss due to the heat transfer from the airfoil/wing 









       (6.20) 
where 
surf airQ   is the rate of convective heat transfer from the airfoil/wing surface to the cold 
airflow; condQ  is the rate of heat dissipation in the airfoil/wing model. 
 The rate of convective heat transfer from the airfoil/wing surface to the cold airflow can be 
expressed as: 
  ,surf air cv sur surff airQ h T T A        (6.21) 
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  (6.24) 
Based on the derived temperature change rate of the hot gas layer and the airfoil/wing 
surface as given in Eq. (19) and Eq. (24), it is found that while the hot gas temperature in the 
plasma region and the airfoil/wing surface temperature are interfering with each other, both of 
them are essentially determined by the rate of thermal energy generation in plasma discharge and 
the local convective heat transfer coefficients of the hot gas layer and the airfoil/wing surface 
(which are greatly influenced by the airflow velocity, temperature, and the angle of attack of the 
airfoil/wing model). It should be noted that, when the control volumes (i.e., CV1 and CV2) reach 
the thermal equilibrium state, the temperatures of the hot gas layer and the airfoil/wing surface 
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Eq. (25) and Eq. (26) can be further reduced to:  
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Thus, two different expressions of the hot gas temperature within CV1 at the thermal equilibrium 
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Since the initial temperature of the airfoil/wing surface is the same with the freestream 
airflow temperature, the surface temperature increase from the initial state to the thermal 
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It is clearly seen that the surface temperature increase during the plasma actuation is 
essentially determined by the rate of thermal energy generation in plasma discharge and the 
convective/conductive heat transfer coefficients under specific test conditions. 
Heating Efficiency in NS-DBD Plasma Actuation  
The above analysis of the unsteady heat transfer processes during the NS-DBD plasma 
actuation over the airfoil/wing model has highlighted the significance of thermal efficiency in 
plasma discharge in heating up the near-wall gas layer and the airfoil/wing surface. In order to 
further link the energy input for NS-DBD plasma actuation and the effective utilization of thermal 
energy for heating operations, more efforts are made in this study to build a framework of 
characterizing the heating efficiency in NS-DBD plasma actuation, tailored specially for aircraft 
icing mitigation. 
As suggested by Correale et al [40], a NS-DBD plasma actuator usually has three stages of 
energy conversion in the term of flow control mechanism, i.e., (I). electrical power to discharge 
power, PA; (II) discharge power to fluid mechanic power, PFM, and (III) fluid mechanic power to 
feedback power in flow control, PC. Each of the three stages would have a contribution to the 
overall control efficiency and, meanwhile, suffer from energy losses. Thus, three efficiencies for 
the different stages are defined as electrical efficiency, ηE, fluid mechanic efficiency, ηFM, and 
power saving rate, η’S  [40]. For a given electrical input power Pinput, the efficiencies of the first 

















Figure 6-3: Sketch of the framework of energy conversion for NS-DBD plasma actuation in 
gas/surface heating. 
 
To quantify the energy utilization of NS-DBD plasma actuation in the term of gas/surface 
heating, a similar approach of describing the energy conversion from input electrical power to the 
final effective heating of the near-wall gas and surface is formulated and sketched in Figure 6- 3. 
It is clearly seen that there are also three stages of operation for a NS-DBD plasma actuator to 
generate effective heating power: (I). electrical power to discharge power, PA; (II) discharge power 
to thermal power, PTH, and (III) thermal power to effective surface heating in desired locations, 
PHeat. While the first stage efficiency, i.e., electrical efficiency, ηE, is the same with that defined in 
Correale et al [40], the second stage efficiency, i.e., thermal efficiency, ηTH, is defined as the ratio 
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The third stage efficiency, ηHeat, is defined as the ratio of the effective surface heating power at the 
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During the plasma discharge, while the rate of thermal energy generation, disQ , is almost 
not changed, the effective surface heating energy in CV2 can be calculated using Eq. (38): 
 
2Heat surf surfE V c T    (6.38) 
By substituting ΔT with Eq. (33) into Eq. (38), the third stage efficiency of the plasma 
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  (6.39) 
where theating is time duration of the surface heating process, i.e., from the initial state to the 
thermal equilibrium state; 
Hsurf is thickness of the surface material (i.e., dielectric layer). 
It is suggested that the surface heating efficiency in plasma discharge is essentially 
determined by the surface material properties (i.e., the density, thickness, and heat capacity of the 
dielectric layer) and the conductive/convective heat transfer coefficients, but in regardless of the 
rate of thermal energy generation. 
 
Experimental Setup and Test Model  
The experimental study to characterize the thermal effects in NS-DBD plasma actuation 
was performed in the unique Icing Research Tunnel available at Aerospace Engineering 
Department of Iowa State University (i.e., ISU-IRT). As shown schematically in Figure 6- 4, ISU-
IRT is a multifunctional icing research tunnel with a test section of 2.0 m in length × 0.4 m in 
width × 0.4 m in height with four side walls being optically transparent. It has a capacity of 
generating a maximum wind speed of 60 m/s and an airflow temperature down to −25 °C. An array 
of 8 pneumatic atomizer/spray nozzles are installed at the entrance of the contraction section of 
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the icing tunnel to inject micro-sized water droplets (10 ~ 100 μm in size with the MVD  20 μm) 
into the airflow. By manipulating the water flow rate through the spray nozzles, the liquid water 
content (LWC) in ISU-IRT could be adjusted (i.e., LWC ranging from 0.1 g/m3 to 5.0 g/m3). In 
summary, ISU-IRT can be used to simulate atmospheric icing phenomena over a range of icing 
conditions (i.e., from dry rime to extremely wet glaze ice conditions) [41,42].  
 
Figure 6-4: Schematic of the ISU-IRT and the airfoil/wing model used for the impact icing 
experiment. 
 
A NACA0012 airfoil/wing model was used in the present study, which is made of a hard-
plastic material and manufactured by using a rapid prototyping machine (i.e., 3-D printing) that 
builds 3-D models layer-by-layer with a resolution of about 25 microns.  The airfoil/wing model 
has a chord length of c = 150 mm, which spanned the width of the test section of ISU-IRT.  
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Supported by a stainless-steel rod, the airfoil/wing model was mounted at its quarter-chord and 
oriented horizontally across the middle of the test section.   
Table 6-1. Emissivity of the materials pertinent to the test model used in the present study. 
Materials Emissivity 
Surface of the airfoil/wing model 





During the experiments, the dynamic ice accreting process over the airfoil surface was 
recorded by using a high-speed camera (PCO Tech, Dimax) with a 60 mm lens (Nikon, 60 mm 
Nikkor f/2.8) installed at 500 mm above the airfoil/wing model.  The camera was positioned 
approximately normal to the airfoil chord, with a measurement window size of 210 mm × 210 mm 
and a spatial resolution of 9.5 pixels/mm.  An in-situ calibration procedure as suggested by Soloff 
et al. [43] was performed to dewarp the captured images before extracting physical features.  Each 
test trial consisted of 3,000 images acquired at a frame rate of 10 Hz. As shown schematically in 
Figure 6-4, an infrared (IR) thermal imaging camera (FLIR A615) was also used to map the surface 
temperature of the ice accreting airfoil surface.  The IR camera was mounted at ~ 300 mm above 
the airfoil/wing model with the measurement window size of 110 mm × 90 mm and a 
corresponding spatial resolution of 5.3 pixels/mm.  IR radiation from the ice accreting airfoil 
surface would pass through an infrared window (i.e., FLIR IR Window-IRW-4C with optic 
material of Calcium Fluoride) and be collected by the IR thermal imaging camera. A calibration 
of the material emissivity is performed for the IR thermal imaging [24].  Table 6-1 gives the IR 
emissivity of the materials relevant to the present study, i.e., surface of the airfoil/wing model, ice, 
and liquid water, respectively. Each test trial consisted of 15,000 IR images acquired at a frame 
rate of 50 Hz. An in-situ calibration was also performed to validate the IR thermal imaging results 
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by establishing a relationship between the measured count number from the IR camera and the 
temperature acquired by using thermocouples.  The measurement uncertainty for the IR camera 
was found to be about ±0.2°C.  The high-speed video camera and the IR camera were connected 
to a digital delay generator (DDG, Berkeley Nucleonics, model 575) that synchronized the timing 
between the two imaging systems. 
As clearly shown in Figure 6-4, a half-half configuration of the DBD plasma actuators (i.e., 
plasma on vs. plasma off) was designed over the airfoil/wing model. Each of the plasma actuators 
consisted of one encapsulated electrode sheet and nine exposed electrodes, with the same thickness 
of about 70 µm and length of ~125mm.  In the present study, five layers of PVC film (i.e., ~100 
µm for each layer) were integrated to serve as the dielectric barrier to separate the encapsulated 
electrode sheet from the exposed electrodes.  
The plasma actuators were operated via an arbitrary function generator (AFG) and powered 
by an FID solid-state power supply capable of delivering a pulsed high voltage signal of about 23 
ns, with a rising time of 3 ns (from 10% to 90% of the maximum voltage). The maximum voltage 
and the maximum frequency are 10kV and 10kHz, respectively (same power generator was used 
in [40]). The investigated energy input consists of a burst of 50 pulses discharged at maximum 
voltage and frequency. Power measurements were performed via the back-current shunt technique 
[40] in order to calculate energy associated with a single pulse. This is an indirect technique relying 
on the measure of incident and reflected current running through the actuator circuit. A shunt 
monitor resistor is built using 16 resistors, of 3.2 Ω each, placed in parallel, resulting in an overall 
shunt resistance of 0.2 Ω. The shunt resistor was placed in the middle of the ground electrode of a 
20 m long high voltage coaxial cable (type RG-217). This high voltage cable is used to deliver the 
high voltage nanosecond pulse from the power generator to the tested plasma actuator. The shunt 
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resistor was calibrated by applying a known signal of 5 V from an AFG (Tektronics AFG3252) 
and measuring the voltage across the shunt directly using a digital oscilloscope with a sampling 
frequency of 1 GHz set at an impedance so as to match the impedance of the high voltage cable, 
i.e. 50 Ω. For the actual measurements, a 20dB signal attenuator was used to protect the 
oscilloscope from voltage overload. Measurements of pulse energy were performed by quantifying 
the voltage across the shunt resistor directly with the oscilloscope. The application of a high 
voltage nanosecond pulse from the power generator can be observed as a scaled voltage pulse over 
the shunt, measured by the oscilloscope. A typical discharged pulse (Vapp) as measured across the 
shunt is shown in Figure 6-5. The energy per single pulse in the discharge was calculated to be E 
= 34.5 ± 0.1 mJ/pulse. Thus, the power of the NS-DBD plasma actuators was P = 34.5 W at f = 1 
kHz, P = 69 W at f = 2 kHz, P = 138 W at f = 4 kHz, and P = 207 W at f = 6 kHz, respectively. 
 
Table 6-2. A list of the test cases of the present study. 
 
Case No. State AoA [°] U∞ [m/s] T∞ [°C] LWC [g/m3] PRF [kHz] 
1 Dry 0 20 -10.0 0 1 
2 Dry 0 40 -10.0 0 1 
3 Dry 0 40 -15.0 0 1 
4 Dry 0 40 -5.0 0 1 
5 Dry -5 40 -10.0 0 1 
6 Dry 5 40 -10.0 0 1 
7 Icing 0 40 -10.0 1.0 2 
8 Icing 0 40 -10.0 1.0 4 
9 Icing 0 40 -10.0 1.0 6 
10 Icing 0 40 -15.0 1.0 4 






Figure 6-5: A typical high voltage driving signal calculated through the back current shunt 
measurements as a function of time (t) in nanoseconds. 
 
In the present study, both dry (without turning on the water spray system of ISU-IRT) and 
icing experiments were conducted to quantify the transient thermal characteristics of NS-DBD 
plasma actuation in various environmental and flight conditions. Table 6-2 summarizes the cases 
tested in the present study. For NS-DBD plasma actuation, while the amount of thermal energy 
generation is linearly related to the pulse repetition frequency (PRF) of the actuator, a higher PRF 
would induce much stronger electromagnetic interference (EMI) during plasma discharge. 
Therefore, to avoid over-heating of the airfoil/wing model and the potential damages to the 
electrical devices caused by EMI, a relatively low PRF (i.e., f = 1 kHz) of the NS-DBD plasma 
actuation was selected in the dry experiments. By adjusting the incoming airflow velocity, airflow 
temperature, and AOA of the airfoil/wing model, the impacts of the various environmental and 
operational parameters on the thermal characteristics of NS-DBD plasma actuation were 
quantitatively evaluated. For the icing experiments, while the incoming airflow velocity and the 
LWC level were kept as the same throughout the experiments, i.e., U∞ = 40 m/s and LWC = 1.0 
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g/m3, the airflow temperature was varied from -15 °C to -5°C to produce three typical icing 
conditions (i.e., rime, mixed, and glaze icing conditions [42]) in evaluating the anti-icing 
performance of NS-DBD plasma actuation. In the present study, the operating frequency of the 
NS-DBD plasma actuators was also adjusted during the icing experiments (i.e., f = 2 kHz, 4 kHz, 
and 6 kHz) to provide evidences of the effects of ns-pulse frequency on the anti-/de-icing 
performance of the plasma actuators for aircraft icing mitigation. 
Measurement Results and Discussion 
As mentioned above, a large amount of thermal energy would be promptly generated in 
NS-DBD plasma actuation, which can produce a ring of expansion and compressive waves 
propagating with the velocity of sound [30]. For the use of NS-DBD plasma actuation in anti-/de-
icing applications, the plasma actuators are usually fabricated over airfoil/wing surfaces [32], and 
exposed in frozen-cold airflows that are conducive to icing events. Thus, complex interactions 
between the thermal energy generation in plasma discharge, the boundary layer airflow, and the 
unsteady heat transfer processes would occur, which are closely coupled with the working 
parameters such as incoming airflow velocity, air temperature, and AOA of the airfoil/wing model. 
In the present study, in order to quantitatively reveal the effects of the different environmental and 
operational parameters (i.e., airflow velocity, temperature, and AOA of the airfoil/wing model) on 
the thermal characteristics of NS-DBD plasma actuation over the airfoil/wing surface, a series of 
experiments were conducted with the airflow velocity being varied from U∞ = 20 m/s to 40 m/s, 
air temperature from T∞ = -15 °C to -5 °C, and the AOA of the airfoil/wing model from AOA = -
5° to 5°. 
Effects of Airflow Velocity on the Heating Dynamics in NS-DBD Plasma Actuation  
Figure 6-6 shows the time-evolutions of the measured surface temperature distributions 
over the airfoil/wing model with the air temperature and the AOA of the airfoil/wing model being 
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constant at T∞= -10 °C and AOA = 0°, respectively, while the incoming airflow velocity was 
changed from U∞ = 20 m/s to 40 m/s. The locations of the exposed electrodes are also indicated 
by the red dashed boxes as given in Figure 6-6. It is clearly seen that, as the time goes by, while 
the temperature distribution over the airfoil/wing surface shows a more significant increase at the 
lower airflow velocity, i.e., U∞ = 20 m/s, a thermal equilibrium state is found to be achieved earlier 
when the airflow velocity is higher, i.e., while the surface temperature distribution at U∞ = 40 m/s 
is found to become stable after about t = 40 s, the temperature distribution at U∞ = 20 m/s is found 
to be still increasing after t = 100 s. It should also be noted that while an overall increase of the 
surface temperature is observed, the temperature increases near the exposed electrodes are found 
to be much more evident as shown in Figure 6-6, which is consistent with the observation by 
Joussot et al. [44]. 
 
Figure 6-6: Time-evolutions of the measured surface temperature distributions over the 
airfoil/wing model under the test conditions of T∞= -10 °C and AOA = 0°, and different 




Figure 6-7: The spanwise-averaged temperature profiles along the airfoil/wing chord under the 
test conditions of T∞= -10 °C and AOA = 0°, and different incoming airflow velocities. 
 
Based on the measured surface temperature distributions over the airfoil/wing model as 
shown in Figure 6-6, the span-averaged temperature profiles along the airfoil chord at the different 
time instants (i.e., t = 5 s, 20 s, 40 s, 60 s, and 100 s) are extracted and plotted in Figure 6-7. The 
chordwise locations of the exposed electrodes are also illustrated in the plot for clarification. As 
clearly shown in Figure 6-7, the temperature profiles at the different time instants show similar 
distribution patterns under the different incoming airflow velocity conditions (i.e., U∞ = 20 m/s vs. 
U∞ = 40 m/s). While the temperature peaks were found to be located at the edges of the exposed 
electrodes, the maximum temperature peak is found to be generated around the fourth electrode 
(i.e., ~ 15% chord length) under both testing conditions. With the AOA of the airfoil/wing model 
being set at AOA = 0°, an obvious gradient of the surface temperature distribution is observed, 
i.e., a trend of temperature increasing from the leading-edge to downstream with the temperature 
reaching the maximum at about 15% chord length, after which the temperature was found to 
decrease gradually, as shown in Figure 6-7(a) and Figure 6-7(b). Such temperature gradient along 
the chordwise direction is essentially determined by the chordwise distribution of convective heat 
transfer coefficients along the airfoil/wing model [7]. While the convective heat transfer 
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coefficient is the maximum at the stagnation line (i.e., at the airfoil leading-edge when the AOA 
is 0°), it decreases quickly to the minimum at about 15% chord length, after which a slight increase 
would occur due to the transition of the boundary layer airflow from laminar to turbulence [39]. It 
should be noted that while the peak temperatures at the fourth and the fifth electrodes are very 
close for the test condition of U∞ = 20 m/s, as shown in Figure 6-7(a), the peak temperature at the 
fourth electrode comes to be the only maximum when the airflow velocity is higher, i.e., U∞ = 40 
m/s, as shown in Figure 6-7(b). It is suggested that the increase of airflow velocity would 
essentially bring the location of the boundary layer transition moving further upstream [45], which 
results in the shift of the maximum temperature peak. 
 
Figure 6-8: Time-evolution of the surface temperature at different chordwise locations on the 
airfoil/wing model under the test conditions of T∞= -10 °C, AOA = 0°, and (a) U∞=20m/s, (b) 
U∞=40m/s. 
 
In order to further evaluate the effects of incoming airflow velocity on the heating 
dynamics of NS-DBD plasma actuation over the airfoil/wing surface, the time evolution profiles 
of the surface temperatures measured at different chordwise locations (i.e., location A at 4% chord, 
B at 12% chord, C at 20% chord, and D at 30% chord, as indicated in Figure 6-8) over the 
airfoil/wing surface were extracted and plotted in Figure 6-8. It is seen clearly that, when the 
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airflow velocity is relatively low, i.e., U∞ = 20 m/s, the temperatures over the air/wing surface 
would keep increasing within the entire test period of 100 seconds as shown in Figure 6-8(a). When 
the airflow velocity is increased to U∞ = 40 m/s, the temperatures at all the locations are found to 
have a smaller increase and quickly reach to the maximum (i.e., reaching the thermal equilibrium 
state) as shown in Figure 6-8(b). It is suggested that the convective heat transfer would be 
significantly enhanced at the higher airflow velocity, which can take away more thermal energy 
generated in the NS-DBD plasma actuation. Thus, the temperature increase caused by the NS-
DBD plasma actuation would be smaller when the airflow velocity is higher. Along with the 
temperature increase over the airfoil/wing surface, the temperature difference between the surface 
and airflow would also be increased, which results in an increase of the rate of convective heat 
transfer. Once the rate of heat convection to take away the thermal energy becomes equal to the 
rate of thermal energy generation by the NS-DBD plasma actuation, a thermal equilibrium state 
would be achieved with the surface temperature distribution becoming stable. For the test cases 
compared here, since the operating frequency of the NS-DBD plasma actuators is kept as the same 
at f = 1 kHz, the rate of thermal energy generation is considered to be not changed under the 
different airflow velocity conditions. The smaller temperature increase and the earlier stabilization 
of the surface temperature distribution at the higher airflow velocity, i.e., U∞ = 40 m/s, are 
essentially caused by the faster convective heat transfer for the test case. 
Effects of Air Temperature on the Heating Dynamics of NS-DBD Plasma Actuation  
Figure 6-9 shows the time-evolutions of the measured surface temperature distributions 
over the airfoil/wing model with the incoming airflow velocity and the AOA of the airfoil/wing 
model being kept at the same of U∞= 40 m/s and AOA = 0° during the experiment, while the 
airflow temperature was changed at T∞ = -5 °C, -10 °C and -15 °C, respectively, in order to 
examine the effects of air temperature on the heating dynamics of NS-DBD plasma actuation over 
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the airfoil/wing surface. It is clearly seen that, the temperature increase over the airfoil/wing 
surface is more evident at the higher incoming airflow temperature, i.e., while the maximum 
temperature increase was found to be ΔT = 4 °C for the test case of T∞ = -5 °C, the corresponding 
values become only about ΔT = 3 °C and ΔT = 2.5 °C for the test cases of  at T∞ = -10 °C and -15 
°C, respectively. It is also found that, when the incoming airflow temperature is colder, the thermal 
equilibrium state over the airfoil/wing surface would be achieved earlier. More specifically, while 
the temperature distribution was found to become stable after about t = 80 s for the test case with 
T∞ = -5 °C, the duration of the surface heating (before reaching the thermal equilibrium state) was 
found to be about t = 40 s and t = 20 s, for the test cases of at T∞ = -10 °C and -15 °C, respectively. 
 
Figure 6-9: Time-evolutions of the measured surface temperature distributions over the 





Figure 6-10: The spanwise-averaged temperature profiles along the airfoil/wing chord under the 
test conditions of U∞= 40 m/s and AOA = 0°, and different air temperatures. 
 
Figure 6-10 shows the corresponding spanwise-averaged temperature profiles along the 
airfoil chord at the different time instants (i.e., t = 5 s, 20 s, 40 s, 60 s, and 100 s) extracted from 
the temperature distributions given in Figure 6-9. It is seen clearly that, the temperature profiles at 
different time instants would follow the same pattern under the different test conditions (i.e., T∞ = 
-5 °C to -10 °C and -15 °C), i.e., a trend of temperature increase from the leading-edge to 
downstream, with the temperature reaching the maximum at about 15% chord length, after which 
the temperature is found to decrease gradually, as shown in Figure 6-10(a), Figure 6-10(b) and 
Figure 6-10(c). As mentioned above, the chordwise temperature profile along the airfoil/wing 
model is essentially determined by the convective heat transfer process along the chordwise 
direction. With the AOA of the airfoil/wing model being fixed at AOA = 0° and the incoming 
airflow velocity being constant at U∞= 40 m/s, the chordwise distributions of the convective heat 
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transfer coefficients under the different airflow temperature conditions are suggested to be 
following the same profile, but with different magnitudes, i.e., larger convective heat transfer 
coefficient is expected at higher airflow temperatures. 
 
Figure 6-11: Time-histories of the surface temperature variations at different chordwise 
locations on the airfoil/wing model under the test conditions of U∞= 40 m/s and AOA = 0°, and 
different air temperatures.  
 
Figure 6-11 shows the time-evolution profiles of the surface temperature measured at the 
different chordwise locations over the airfoil/wing surface under the different airflow temperature 
conditions. It is seen clearly that, when the air temperature is higher, i.e., T∞ = -5 °C, the 
temperatures over the air/wing surface are kept increasing within the test period of 100 seconds as 
shown in Figure 6-11(a). As the air temperature is decreased to T∞ = -10 °C, the surface 
temperatures at all the locations are found to have a smaller increase margin and reach to the 
maximum (which indicates the thermal equilibrium state) at about t = 40 s, as shown in Figure 6-
11(b). When the airflow temperature is further decreased to T∞ = -15 °C, the magnitude of the 
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temperature increase is found to become even smaller, and reach to the peak value much earlier, 
i.e., at t = 20 s. While a lower air temperature would indicate a smaller convective heat transfer 
coefficient due to the decelerated molecule/atom motions [39], the lower incoming airflow 
temperature would also cause a much faster rate of convective heat transfer due to the increased 
temperature difference between the airflow and the heated airfoil surface, which leads to the 
smaller temperature increase margin and shorter heating duration before reaching the thermal 
equilibrium state. 
Effects of the AOA on the Heating Dynamics of NS-DBD Plasma Actuation  
Figure 6-12 shows the time-evolutions of the measured surface temperature distributions 
over the airfoil/wing model with the velocity and temperature of the incoming airflow being 
constant at U∞= 40 m/s and T∞ = -10 °C, while the AOA of the airfoil/wing model was changed 
from AOA = -5° to 0° and 5°, respectively. As can be seen clearly in Figure 6-12, the change of 
AOA would significantly affect the surface temperature distribution over the airfoil/wing model, 
i.e., not only the magnitude of surface temperature increase, but also the distribution pattern of the 
chordwise temperature profiles. When the AOA of the airfoil/wing model is set to be negative, i.e., 
AOA = -5°, the temperature increase caused by the plasma discharge is found to be relatively large, 
with the peak surface temperatures located in the range of 0.15 < X/C < 0.35, as clearly shown in 
Figure 6-12(a). When the AOA is set to be zero, while the overall temperature increase becomes 
smaller, in comparison to that at AOA = -5°, the location of the peak surface temperature is found 
to move to a further upstream location, i.e., X/C < 0.2, as shown in Figure 6-12(b). As the AOA 
further increases to AOA = 5°, while the surface temperature values over upper surface of the 
airfoil/wing model become much lower, the location of the peak temperature is found to be very 
near the airfoil leading-edge, as shown in Figure 6-12(c). It is suggested that the change of AOA 
would essentially change the surface pressure distribution as well as the boundary layer airflow, 
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which can dramatically affect the convective heat transfer process over the airfoil/wing upper 
surface, resulting in the changes of heating characteristics of the NS-DBD plasma actuation. 
 
Figure 6-12: Time-evolutions of the measured surface temperature distributions over the 
airfoil/wing model under the test conditions of U∞= 40 m/s, T∞ = -10 °C, and (a) AOA = -5°, (b) 
AOA = 0°, and (c) AOA = 5°.  
 
 
Figure 6-13: The spanwise-averaged temperature profiles along the airfoil/wing chord under the 




Figure 6-13 shows the corresponding spanwise-averaged temperature profiles along the 
airfoil chord with the airfoil/wing model mounted at different AOAs. It is seen clearly that, as the 
AOA of the airfoil/wing model varies, the profile of the chordwise temperature distribution would 
change accordingly. When the AOA is set at AOA = -5°, there is an evident temperature gradient 
over the upper surface of the airfoil/wing model, with the temperature increasing from the leading-
edge to 20% chord length, and then decreasing gradually in the downstream locations, as shown 
in Figure 6-13(a). When the airfoil/wing model is adjusted to zero AOA, though a similar pattern 
is observed in the chordwise temperature distribution profile, the peak surface temperature is found 
to be at a more upstream location, i.e., ~15% chord length, as shown in Figure 6-13(b). The 
temperature increase near the airfoil leading-edge is also found to become greater, in comparison 
to that of the test case with the negative AOA. It is suggested that, when the AOA of the 
airfoil/wing model is set to be negative, the stagnation line would be no longer at the airfoil 
leading-edge but pushed back over the upper surface of the airfoil/wing model. It can cause 
significant changes of the convective heat transfer over the airfoil/wing surface. As a result, the 
surface temperature distribution pattern over the upper surface of the airfoil/wing model would 
also be changed in accordance to the variations of the convective heat transfer characteristics. 
When the AOA of the airfoil/wing model is further increased to AOA = 5°, the surface temperature 
distribution is found to be very different from those of the test cases with the negative and zero 
AOAs. While the magnitude of the overall surface temperature increase was found to be much 
smaller, the peak temperature was found to be located at the leading-edge as clearly shown in 
Figure 6-13(c). Such change of the surface temperature distribution pattern is suggested to be 
closely related to the behavior of the boundary layer airflow that is coupled with the plasma 





Figure 6-14: Time-histories of the surface temperature variations at different chordwise 
locations on the airfoil/wing model under the test conditions of U∞= 40 m/s, T∞ = -10 °C, and (a) 
AOA = -5°, (b) AOA = 0°, and (c) AOA = 5°. 
Figure 6-14 shows the time-histories of the surface temperature variations at the different 
chordwise locations over the airfoil/wing surface at the different AOAs. It is seen clearly that, 
when the AOA of the airfoil/wing model is negative, i.e., AOA = -5°, while the temperatures at 
location A and B (4% and 12% chord length) are found to be increased to the maximum (reaching 
the thermal equilibrium state) after about t = 30 s, the temperatures at the downstream locations, 
i.e., C (20% chord length) and D (30% chord length) are found to increase almost monotonically 
with larger magnitudes as shown in Figure 6-12(a). When that airfoil/wing model is set at zero 
AOA, while the surface temperatures at all the locations are found to increase concurrently as 
shown in Figure 6-12(b), the thermal equilibrium state is found to be achieved at all locations at 
about t = 40 s, with the maximum temperature increase being at location B, i.e., 12% chord length. 
When the AOA is changed to AOA = 5°, while the magnitude of temperature increase is found to 
be much smaller, the thermal equilibrium state is achieved much earlier, i.e., at t = 20 s. It is 
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suggested the convective heat transfer over the upper surface of the airfoil/wing model would be 
enhanced as the AOA increases, which results in the lower temperature distribution over the 
surface if the same thermal energy is generated by the NS-DBD plasma actuators.   
 
Estimation of the Surface Heating Efficiency under Different Test Conditions 
Based on the measured surface temperature variations under the different test conditions, 
the third stage efficiency of gas/surface heating in NS-DBD plasma discharge, i.e., ηHeat, ratio of 
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where Asurf is the area of the heating surface over the airfoil/wing model. 
Table 6-3 lists the material properties of the PVC dielectric layer as well as the input power 
parameters used in the present study. To accurately calculate the surface heating efficiency, the 
thermal efficiency, ηTH, of NS-DBD plasma discharge should be first determined. The previous 
literatures [31,37,40] have characterized the thermal efficiency of plasma discharge in various test 
conditions, however, a relatively large variation (i.e., ηTH = 40% ~ 90%) of the efficiency was 
obtained due to the uncertainties in measuring the thermal energy generation in the hot gas layer. 
Based on the parameter values given in Table 6-3, an estimate of the surface heating efficiency, 
ηHeat, is calculated by using Eq. (40). It turns out that, the value of ηHeat is relatively small, and 























Figure 6-15: Streamwise variation of the normalized surface heating efficiency, ͞ηHeat, under 
different test conditions. 
 
In the present study, an effort was also made to calculate the normalized surface heating 
efficiency, Heat , which is defined as the ratio of the surface heating efficiency at a streamwise 
location to that at the leading-edge of the airfoil/wing model. It has been revealed in Starikovskiy 
and Pancheshnyi [46] that the discharge power and the thermal efficiency in the plasma layer is 
very uniform along airfoil surfaces in NS-DBD. Therefore, the normalized surface heating 
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efficiency can be further simplified and estimated based on the ratio of surface temperature 
increase at the different streamwise locations as given in Eq. (41): 
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  (6.41) 
where ΔTLE is the surface temperature increase at the leading-edge of the airfoil/wing 
model during the heating process in NS-DBD plasma actuation. 
Figure 6-15 shows the streamwise variations of the normalized surface heating 
efficiency, ͞ηHeat, calculated based on the measured surface temperature distributions under the 
different test conditions described in the previous sections. As can be seen clearly in Figure 6-
15(a), when the airflow temperature and the angle of attack of the airfoil/wing model are kept the 
same, the increase of the airflow velocity (i.e., from U∞ = 20 m/s to 40 m/s) would slightly affect 
the streamwise distribution of the surface heating efficiency, with the surface heating being more 
efficient close to the leading-edge and less efficient in downstream regions. When the airflow 
velocity and the angle of attack are kept not changed, the variation of the air temperature would 
also cause a change of the surface heating efficiency as clearly shown in Figure 6-15(b). The lower 
air temperature tends to produce a more efficient surface heating close to the leading-edge. While 
both the airflow velocity and temperature are kept constant, the variation of the angle of attack of 
the airfoil/wing model would cause a significant change of the surface heating efficiency as shown 
in Figure 6-15(c). When the AOA of the airfoil/wing model is set to be negative, i.e., AOA = -5°, 
an evident peak of the surface heating efficiency is observed at about X/C = 20%. When the AOA 
is set to be zero, the variation of the surface heating efficiency along the chordwise is much smaller. 
As the AOA is increased to be positive, i.e., AOA = 5°, the surface heating is found to become 
more efficient around the leading-edge region, and very inefficient in the downstream regions. It 
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should be noted that, though the absolute values of the surface heating efficiency in NS-DBD 
plasma discharge are found to be very small in comparison to the conventional electro-thermal 
heating methods (i.e., usually have a efficiency of more than 90% [29]), it does not imply that the 
NS-DBD plasma actuation is not as good as the electro-thermal heating since most of the thermal 
energy generated in plasma discharge is stored in the gas layer near the surface, which can prevent 
ice formation over the airfoil/wing surface [29]. The profiles of the normalized values given in 
Figure 6-15 are suggested to be great indicators of the gas heating efficiency close to the 
airfoil/wing surface. 
Application of NS-DBD Plasma Actuation for Aircraft Icing Mitigation 
In the present study, the ice accretion experiments were also performed on the airfoil/wing 
model to evaluate the anti-/de-icing performances of the NS-DBD plasma actuators in different 
environmental and operational conditions. While the incoming airflow velocity and the LWC were 
kept not changed throughout the icing experiments, i.e., U∞ = 40 m/s and LWC = 1.0 g/m3, three 
typical ice accretion processes (i.e., rime, mixed, and glaze icing [42]) were tested on the actuator-
embedded-airfoil/wing model by changing the airflow temperature from -15 °C to -5°C, with the 
operating frequency of the NS-DBD plasma actuators being varied from f = 2 to 6 kHz. 
Anti-/De-icing Performances of the NS-DBD Plasma Actuators in Different Icing 
Conditions 
Figure 6-16 shows the time-evolutions of the dynamic ice accretion processes over the 
airfoil/wing surface with the NS-DBD plasma actuation being turned on the right side of the 
airfoil/wing model under the different icing conditions. With the operating frequency of the NS-
DBD plasma actuators being fixed at f = 4 kHz, the rate of thermal energy generation is suggested 
to be the same during the different ice accretion processes. The previous results have revealed that 
a warmer airflow temperature would produce a larger temperature increase over the airfoil/wing 
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surface during the plasma actuation, which is suggested to promise a better anti-icing performance 
of the NS-DBD plasma actuators. Figure 16(a) shows the typical snapshots of the ice accreting 
airfoil/wing surface under the test condition of U = 40m/s, LWC = 1.0 g/m
3, and T = -5 ºC. The 
corresponding surface temperature distribution is given in Figure 6-16(a). It is clearly seen that, at 
the early stage of the ice accretion process, i.e., t = 5 s, when the supercooled water droplets 
impinge onto the airfoil/wing surface, while the impinged water on the right side of the airfoil 
(with the plasma actuators turned on) is instantly heated by absorbing the thermal energy generated 
in the NS-DBD plasma actuation, the impinged water droplets on the left side of the airfoil model 
(with the plasma actuators turned off) are found to be frozen partially with the remianing water 
mass being transported and frozen in near downstream. As a result, while evident surface water 
rivulets are found to be formed on the right side, a typical glaze ice accretion is observed on the 
left side of the airfoil/wing model. As the time goes by, with more and more water droplets impinge 
on the airfoil/wing surface, the glaze ice accreted around the leading-edge is found to become 
thicker and thicker as indicated in the red dashed boxes shown in Figure 6-16(a). In the mean time, 
the impinged water on the right side is continuously heated, forming the steady rivulet channels as 
indicated in Figure 6-16(a). Based on the corresponding temperature distributions of the ice 
accreting airfoil/wing surface shown in Figure 6-17(a), it can be found that while the NS-DBD 
plasma actuation is found to generate thermal energy to keep the impinged water warm and in the 
liquid state, the maximum temperature is located around 20% chord length, which is beyond the 
direct impingement region of the water droplets. The thermal energy generated during the plasma 
actuation in this case is therefore considered to be not fully ocupied for melting the impinging 
water/ice accumulation around the leading-edge. Thus, the NS-DBD plasma actuators over the 
airfoil/wing surface are suggested to be further modified to have more thermal energy generation 
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around the leading-edge and less in the downstream locations to efficiently prevent ice 




Figure 6-16: Time-evolutions of the dynamic ice accretion processes over the airfoil/wing 
surface under the icing conditions of U = 40m/s, LWC = 1.0 g/m3, and (a) T = -5 ºC, (b) T = 




Figure 6-17: Time-evolutions of the temperature distributions over the airfoil/wing surface 
under the icing conditions of U = 40m/s, LWC = 1.0 g/m3, and (a) T = -5 ºC, (b) T = -10 ºC, 
(c) T = -15 ºC. 
 
When the air temperature was decreased to T = -10 ºC, a typical mixed ice accretion was 
generated over the airfoil/wing surface. It is clearly seen that though the thermal energy is still 
generated on the right side of the airfoil/wing model by the NS-DBD plasma actuators, an ice layer 
is found to be formed. This is suggested to be caused by the insufficient thermal energy to melt 
the ice layer and compete with the strong convective heat transfer around the leading-edge area. 
Once the ice layer is formed over the exposed electrodes, less plasma discharge would be formed, 
and therefore less thermal energy would be generated at these locations. As a result, a large amount 
of ice is found to be formed on both sides of the airfoil/wing model as shown in Figure 6-16(b). 
Based on the corresponding temperature distributions shown in Figure 6-17(b), it can be found 
that after the ice accreted on the electrode surfaces, the local temperatures around the exposed 
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electrodes are kept very low and below zero, which is corresponding to the ice formation at these 
locations. In this case, though the downstream region is still heated throughout the icing process, 
less water mass would reach to these locations, causing a loss of efficiency in utilizing the thermal 
energy generated during the plasma actuation. As the air temperature is further decreased, i.e., T 
= -15 ºC, a typical rime ice formation is observed as clearly shown in Figure 6-16(c). For the NS-
DBD plasma actuation in this case, due to the much faster rate of convective heat transfer, the 
surface temperature over the right side of the airfoil/wing surface is found to be only increased 
slightly as shown in Figure 6-17(c). Thus, though the same amount of thermal energy is generated, 
due to the reduced surface heating efficiency of the plasma actuation at the lower air temperature, 
ice is still found to be formed around the leading-edge as clearly shown in Figure 6-16(c). 
Anti-/De-icing Performances of the NS-DBD Plasma Actuators at Different Operating 
Frequencies 
Figure 6-18 shows the time-evolutions of the dynamic ice accretion processes over the 
airfoil/wing surface under the icing condition of U = 40m/s, LWC = 1.0 g/m
3, and T = -10 ºC, 
but with the NS-DBD plasma actuation being operated at different pulse frequencies (i.e., f = 2 
kHz, 4 kHz, and 6 kHz). The corresponding surface temperature distributions of the ice accreting 
airfoil/wing surface are given in Figure 6-19. As can be seen clearly in Figure 6-18, along with the 
increase of the operating frequency of the NS-DBD plasma actuators, the amount of ice accretion 
on the right side of the airfoil/wing model is found to become less and less. Since the power of the 
NS-DBD plasma actuators is linearly related to the nanosecond pulse frequency, more thermal 
energy would be generated over the ice accreting airfoil/wing surface at higher operating 
frequencies as indicated by the higher temperature distributions given in Figure 6-19. 
When the pulse frequency is relatively low, i.e., f = 2 kHz, as the supercooled water droplets 
impinge onto the airfoil surface, since the thermal energy generated by the NS-DBD plasma 
151 
 
actuation is not enough to compete with the strong convective heat transfer and keep the impinged 
water in the liquid state. An ice layer is found to be quickly formed around the leading-edge of the 
airfoil/wing model as shown in Figure 6-18(a). As the time goes by, less plasma discharge would 
be generated over the region covered by the ice layer, which is indicated by the low temperature 
around the leading-edge as shown in Figure 6-19(a). Thus, more and more impinged water is found 
to be frozen over the ice accreting surface, resulting in the large amount of ice accretion as shown 
in Figure 6-18(a). As the pulse frequency of the NS-DBD plasma actuators is increased to f = 4 
kHz, double of the thermal energy would be generated over the airfoil/wing surface as indicated 
by the higher temperature distribution shown in Figure 6-19(b). The increased thermal energy 
generation is found to significantly reduce the amount of ice accretion around the leading-edge as 
shown in Figure 6-18(b). When the pulse frequency is further increased to f = 6 kHz, as can be 
seen clearly in Figure 6-18(c), there is almost no ice formation around the leading-edge of the 
airfoil/wing model, which is essentially due to the much more thermal energy generation during 
the plasma actuation at the higher operating frequency. However, it should be noted, along with 
the increase of the pulse frequency of the NS-DBD plasma actuators, the thermal energy generation 
would be increased all over the airfoil/wing surface. As mentioned above, the impingement of the 
supercooled water droplets is mainly concentrated around the leading-edge, which requires more 
energy to prevent ice formation. Therefore, the current configuration of the plasma actuators is 
suggested to be further optimized based on the convective heat transfer characteristics as well as 
the water impingement distribution and the associated surface water transport behaviors. 
Furthermore, the three-electrode NS-DBD configuration is also suggested [47,48] to improve the 
anti-/de-icing efficiency by elongating the streamer propagation and the effective heating area 






Figure 6-18: Time-evolutions of the dynamic ice accretion processes over the airfoil/wing 
surface under the icing conditions of U = 40m/s, LWC = 1.0 g/m3, and T = -10 ºC, with the 
NS-DBD plasma actuators being operated at (a) f = 2 kHz, (b) f = 4 kHz, and (c) f = 6 kHz. 




Figure 6-19: Time-evolutions of the temperature distributions over the airfoil/wing surface 
under the icing conditions of U = 40m/s, LWC = 1.0 g/m3, and T = -10 ºC, with the NS-DBD 




In the present study, a comprehensive experimental study was conducted to examine the 
thermal characteristics of NS-DBD plasma actuation over an airfoil/wing surface and to evaluate 
the potential of NS-DBD plasma actuators for aircraft in-flight icing mitigation. The explorative 
study was conducted in the unique Icing Research Tunnel available at Iowa State University (i.e., 
ISU-IRT). While the transient thermal characteristics of NS-DBD plasma actuation over the 
airfoil/wing model were quantified by using an infrared (IR) thermal imaging system, the anti-
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icing performances of the NS-DBD plasma actuators under different icing conditions, i.e., rime, 
mixed, and glaze, were evaluated based on the images of the dynamic ice accretion process over 
the airfoil/wing surface acquired with a high-resolution/high-speed imaging system. The effects of 
incoming airflow velocity, airflow temperature, and AOA of the airfoil/wing model on the thermal 
characteristics of NS-DBD plasma actuation as well as the anti-/de-icing performances of the NS-
DBD plasma actuators were systematically investigated under different icing conditions.  
It is found that the dynamic heating process induced by the NS-DBD plasma actuation over 
the airfoil/wing surface is strongly dependent on the relevant operation parameters, including the 
velocity and temperature incoming airflow and the AOA of the airfoil/wing model. While the 
increase of the incoming airflow velocity was found to enhance the convective heat transfer, 
resulting in a lower temperature distribution over the airfoil/wing surface, the decrease of the air 
temperature was found to reduce the surface heating of the NS-DBD plasma actuation. Along with 
the reduction of the surface heating efficiency during the plasma actuation, the thermal equilibrium 
state was also found to be achieved much earlier at the higher incoming airflow velocity and lower 
airflow temperatures. It was also found that the characteristics of the surface temperature 
distribution induced by the heating of NS-DBD plasma actuation would vary significantly as the 
AOA of the airfoil/wing model is changed. While the surface heating efficiency of NS-DBD 
plasma over the upper surface of the airfoil/wing model is found to increase at the negative AOA, 
i.e., AOA = -5°, less temperature increase was observed when the AOA of the airfoil/wing model 
becomes positive, i.e., AOA = 5°. 
The ice accretion experiments revealed clearly that, for the same input pulse frequency, the 
NS-DBD plasma actuation would have a better anti-/de-icing performance at the warmer air 
temperatures, i.e., T = -5 ºC, due to the higher heating efficiency of the NS-DBD plasma 
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actuation. It is suggested that the anti-icing performance of the NS-DBD plasma actuators can be 
improved by increasing the pulse frequency of the NS-DBD plasma actuations. The findings 
derived from the present study are believed to be very helpful to explore/optimize design 
paradigms for the development novel plasma-based anti-/de-icing strategies tailored specifically 
for aircraft inflight icing mitigation to ensure safer and more efficient aircraft operation in 
atmospheric icing conditions.  
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Abstract 
An experimental study was conducted to evaluate a hybrid anti-/de-icing strategy by 
combining nanosecond dielectric barrier discharge (NS-DBD) plasma actuation and 
superhydrophobic surface (SHS) coating on the surface of an airfoil/wing model for aircraft icing 
mitigation. The experimental study was performed in Icing Research Tunnel available at Iowa 
State University (i.e., ISU-IRT) under typical glaze icing conditions relevant to aircraft in-flight 
icing phenomena. While single NS-DBD plasma actuator was employed on the airfoil leading 
edge, superhydrophobic coating (i.e., Hydrobead) was applied to cover the entire airfoil surface. 
During the experiments, a high-resolution imaging system was used to record dynamic ice-
accretion process over the airfoil surface, an infrared (IR) thermal imaging system was used to 
map the corresponding temperature distribution over the ice accreting airfoil surface 
quantitatively. It was demonstrated that, the hybrid anti-/de-icing strategy by combination NS-
DBD and SHS is very effective in preventing ice formation and accretion over the airfoil/wing 
surface. The NS-DBD prevents ice formation/accretion near the airfoil leading edge by inducing 
thermal effects, while SHS brings lower surface adhesion and rapid surface water runback before 
they freeze and form ice rivulets on the airfoil/wing surface. without any modification to the 
system, such a configuration can also be used for as an active flow control method to suppress 




Flight safety of aircraft is still in danger due to possibility of ice buildup on the surfaces of 
aircraft under cold weather conditions. Ice can form on aircraft surfaces when aircraft come across 
supercooled water droplets as traveling in clouds[1]. Supercooled water droplets impinge onto 
surface and freeze, affecting aircraft aerodynamic performance by increasing drag and decreasing 
lift [2]. Ice over aircraft surfaces may cause stall at a lower angle of attack, unexpected pitch and 
roll maneuvers, or even loss of aircraft. Ice formation is influenced by the geometry of the body, 
surface type, airspeed, temperature, liquid water content (LWC) and droplet size [3]. 
Numerous in-flight anti-icing and de-icing methods have been developed to avert unwanted 
results of aircraft icing, such as freezing point depressants [4], pneumatic boots [4,5], hot-bleed-
air anti-icing systems [4,6–8], electro-thermal heating [4,9,10] and hydrophobic coatings[11–13]. 
Existing anti/de-icing systems may reduce the ice formation to a certain extent. However, they 
have further drawbacks.  they usually fail to remove the ice completely or have additional 
drawbacks. For example, systems such as hot bleed air systems may affect aircraft aerodynamics. 
Another mechanical de-icing system, pneumatic boots, work as breaking of ice chunks, which may 
damage other parts of aircraft, especially aero-engines [4]. Electro-thermal heating systems can 
successfully melt the ice at the leading edge. Yet run-back ice may take place downstream of the 
airfoil. Passive anti-icing solution, such as superhydrophobic coatings, introduce low surface 
adhesion and prevent water droplet sticking onto surfaces. However, these type of coatings is not 
able to eliminate ice accretion on the leading edge of the airfoil [12].  
Recently, plasma-based anti-icing system was developed which is based on the thermal 
effect induced by plasma generation[14–19]. Surface dielectric barrier discharge (DBD) plasma 
actuation has been extensively studied in last decades due to the capability of flow control[20,21]. 
DBD plasma actuators (two electrodes separated by a dielectric layer) work as generating 
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discharge by applying high voltage between electrodes, which ionizes the gas over dielectric 
surface [22]. High amplitude voltage can be applied by an AC or in short DC pulses, i.e., 
nanosecond pulses, to generate plasma. In the case of AC discharge, ion wind induces flow with a 
few m/s. In addition to induce flow, AC-DBD also induces thermal effect to the vicinity of 
electrodes. Joussot et al. [23] showed the significant temperature increase of the dielectric layer of 
DBD plasma actuators during the plasma actuation. This thermal effect of plasma actuators is 
utilized to achieve anti-icing of aircraft surfaces [15,16]. Recent study [17] showed that AC-DBD 
plasma actuation has better anti-icing effectiveness compared with traditional electro-thermal 
heating film. In the case of nanosecond pulses, flow control mechanism relies on fast heat release 
which results in thermal shock wave [24–29]. Fast gas heating mechanism of nanosecond 
discharge suggests promising anti-icing method. Primary studies [18,19] on NS-DBD anti-icing 
systems shows the effectiveness of NS-DBD. However further optimization of NS-DBD for icing 
mitigation yet to be explored. 
Previous plasma anti-icing studies on airfoil surfaces conducted with multiple actuators 
along the cord to prevent ice formation on the leading edge, and downstream of the airfoil as well. 
In the present study, single plasma actuator kept on the leading edge of the airfoil, where most 
efficient flow control is achieved [30]. Thermal effects of an NS-DBD plasma actuator for icing 
mitigation experimental investigated in the Icing Research Tunnel available at Iowa State 
University (ISU-IRT). Firstly, anti-icing performance of single NS-DBD plasma actuator mounted 
on the leading edge of a NACA0012 airfoil model is explored. Later, along with plasma actuator 
on the leading edge, the airfoil was coated with superhydrophobic coating to avoid the formation 
of rivulets. During the experiments, dynamic ice accretion process was recorded with a high-speed 
imaging system and an infrared thermal imaging system were used to measure surface temperature 
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distributions. Effectiveness of novel hybrid anti-icing strategy which combines NS-DBD plasma 
actuator and superhydrophobic coating was examined. 
Experimental methodology 
Experimental Model and Plasma Actuators 
A 3D printed NACA0012 airfoil model with a chord length of c = 150 mm was used. 
Schematic of the experimental model is shown in Figure 7-1. The active electrode is on one side 
of the dielectric layer (exposed to the air) with a sheet electrode on the other side covered between 
the plastic airfoil base and the dielectric layer. The exposed electrode was subjected to high 
voltage. The encapsulated sheet electrode was connected to ground. Approximately 15% from the 
leading edge of the model was covered with ~70 µm thick copper sheet tape as the ground 
electrode, and the whole surface was covered with ~0.3 mm PVC film. A 1-inch wide exposed 
electrode was positioned on the leading edge above PVC film as active electrodes. Length and 
thickness of exposed electrode were ~95mm and ~70 µm, respectively. Lastly, the airfoil surface 
was painted with enamel. The experimental model was built with two identical sections side by 
side. High voltage applied to only one side, while other section was kept as a baseline to observe 
the icing formation on similar surface roughness. In the cases where SHS was tested, spray-on 
superhydrophobic coating (Hydrobead) was applied on top of enamel. Surface treatment procedure 
can be found in Waldman et al. [12]  
High voltage nanosecond pulses were achieved by FID based nanosecond pulse generator. 
It has the capability to generate voltage up to 20kV, and pulse frequency (PRF) can be adjusted up 
to 10kHz. High voltage pulses were delivered by 10-meter-long coaxial cable. Voltage and current 
measurements were obtained from Textronix P6015 high-voltage probe and Pearson Current 
Monitor model 2877. The voltage and current signals were monitored by Tektronix MDO3102 





Figure 7-1. Schematic of the experimental model 
Experimental Setup 
The experiments were performed in the unique Icing Research Tunnel available at 
Aerospace Engineering Department of Iowa State University (i.e., ISU-IRT). Schematic of ISU-
IRT is shown in Figure 5-3. The ISU-IRT is a multifunctional icing research tunnel with a test 
section of 2.0 m in length × 0.4 m in width × 0.4 m in height with four side walls being optically 
transparent. It has a capacity of generating a maximum wind speed of 60 m/s and an airflow 
temperature down to −25 °C. An array of 8 pneumatic atomizer/spray nozzles are installed at the 
entrance of the contraction section of the icing tunnel to inject micro-sized water droplets (10 ~ 
100 μm in size) into the airflow. By manipulating the water flow rate through the spray nozzles, 
the liquid water content (LWC) in ISU-IRT could be adjusted (i.e., LWC ranging from 0.1 g/m3 to 
5.0 g/m3). In summary, ISU-IRT can be used to simulate atmospheric icing phenomena over a 
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range of icing conditions (i.e., from dry rime to extremely wet glaze ice conditions). Further 
information about ISU-IRT is available in Waldman et al. [31]. 
 
 
Figure 7-2. Schematic of the ISU Icing Research Tunnel 
In the present study, a high-resolution CCD imaging system (PCO Tech, pco.2000, with a 
resolution of 2048 by 2048 pixel) along with a 60 mm optical lens (Nikon, 60 mm Nikkor 2.8D) 
were used to capture the dynamic ice-accretion process over the airfoil surface. The imaging 
system was mounted above the test section of the ISU-IRT as shown in Figure 5-3. Temperature 
map during the ice accretion process over the airfoil surface was achieved with an infrared thermal 
imaging system (FLIR-A615). An infrared transmission window (FLIR IRW-4C) was placed in 
the top panel of the test section. IR thermal imaging system was mounted above the transmission 
window and focused on the airfoil leading edge. IR camera calibration that takes material 
emissivity into account was performed. In performing the experiments, IR thermal image 
acquisition was started simultaneously with NS-DBD plasma actuation. After about 60 seconds of 
NS-DBD plasma actuation, the water spray system and CCD imaging system were switched on at 










Results and Discussions 
Electrical Characteristics NS-DBD plasma actuator 
Figure 7-3a shows the sample voltage and current waveforms of a single nanosecond pulse. 
Energy deposition into the actuator, E, can be calculated as: 
𝐸 = ∫ 𝑉 × 𝐼 × 𝑑𝑡  (7.1) 
where V and I are the voltage and current input. Average power input, P, can be calculated 
simply by multiplying with pulse repetition frequency of the generator.  
Different voltage input was achieved by controlling the voltage output of the power 
generator. At voltages beyond 11kV, current amplitude came close to 100A, which is the 
maximum peak current that can be monitored by Pearson Current Monitor Model 2877. Therefore, 
energy in single pulses was calculated for different voltages where the current was under 100 A. 
Energy in single pulse after 11kV was estimated by applying power fit as in Figure 7-3b. In 
previous study [17], introducing the water or ice during the plasma actuation has affected the 
amplitude current. It is due to the fact that in AC discharges, water layer acts as a conductor [32]. 
In this study, we used nanosecond discharge, and the voltage and current waveforms were 





Figure 7-3. (a)Sample current and voltage waveforms of single pulse, (b)Energy per pulse 
vs. voltage input 
Surface Characteristics of Applied Coatings 
Surface wettability has a substantial effect on ice accretion process over surfaces. Airfoil 
surface was treated with two different kinds of material (i.e., Enamel, Hydrobead) with different 
surface wettability. Table 7-2 shows the properties of the surfaces [33] and Figure 7-4 shows the 
droplets sitting on surfaces. In the case of enamel, the contact angle of water droplet is less than 
90°, and surface is hydrophilic. On the other hand, the surface coated with hydrobead shows 
superhydrophobic effects with contact angle of more than 150°.  
 
Table 7.2. Surface Properties [33]. 












Enamel Hydrophilic ~65° ~105° ~50° ~55° 





Figure 7-4. Water droplets on (a)Enamel and (b) Hydrobead surfaces 
It is crucial to remove the water from the surface before it freezes on the surface. During 
the icing conditions, the temperature of liquid water droplets below freezing point. Therefore, this 
removal process needs to be much faster. Droplets can be moved away if any external force is able 
to overcome capillary forces acting on the water. It is well described in Waldman et al. [12] that, 
capillary forces can be estimated with equation 2: 
𝐹𝑐𝑎𝑝 = 𝜋𝑅𝛾𝐿𝐺 [sin (
𝜟𝜽
2
) ∗ sin (
𝜃𝑎𝑑𝑣+𝜃𝑟𝑒𝑐
2
)]  (7.2) 
Here R is the radius of the water droplet, and 𝛾𝐿𝐺 is the surface tension of liqthe uid-gas 
interface. Liu et al. [33] estimated the ratio of capillary forces acting on the droplets between two 
surfaces, and showed that capillary forces acting on hydrophobic surfaces is 25 times larger than 
SHS (Eq. 3).  
𝐹𝑐𝑎𝑝,𝐸𝑛𝑎𝑚𝑒𝑙
𝐹𝑐𝑎𝑝,𝐻𝑦𝑑𝑟𝑜𝑏𝑒𝑎𝑑
≈ 25   (7.3) 
In the case of SHS, capillary force acting on the droplet is very low. Therefore droplet on 
SHS is highly mobile, compared to the one on the hydrophilic surface. It is much easier to 
overcome the capillary forces; especially aerodynamic or gravitational forces are present, which 
suggest under same conditions, elimination of water droplets over the surface is much easier with 




Effect of NS-DBD Plasma Actuation on Ice Accretion 
As mentioned in the first section, DBD plasma actuation brings strong thermal effect. 
Induced thermal energy can be amplified by increasing power input to the actuator. Normally, in 
AC discharges, this can be achieved by increasing the voltage. In this study, we used NS-DBD, in 
which power input can also be controlled with pulse repetition frequency.  Figure 7-5 shows the 
time evolution of ice accretion over the airfoil surface under the test conditions of U = 40m/s, 
LWC = 0.8 g/m3, and T  = -5 ºC for the cases of (a)plasma off, with (b) 175W/m, (c) 350W/m and 
(d) 525W/m power input. It can be seen in Figure 7-5a that without any power input into the plasma 
actuators, ice formation started on the leading edge immediately after the spray system is turned 
on.  As the time goes on, the ice layer became thicker and glaze ice formation is observed. Figure 
7-5b presents the ice accretion on the airfoil model with plasma actuator with 175W/m power 
input. At the initial stages of icing process, supercooled droplets did not freeze on the leading edge 
and ran back to the trailing edge forming rivulets. Moreover, as supercooled droplets kept 
impinging during the observation period, thermal energy generated by plasma was sufficient 
enough to maintain an ice-free leading edge. Therefore, both leading edge icing and runback icing 
formation are detected, due to low power input. Increasing the pulse repetition frequency of NS-
DBD results the increase of power input, hence the increase of released thermal energy. In Figure 
7-5c and Figure 7-5d, ice accretion process are shown at higher power input to the actuator, such 
as 350W/m and 525W/m. It can be seen in the Figure that ice formation on the leading edge can 
be prevented by increasing the nanosecond pulse frequency, in other words, power input to the 
plasma actuator. However, water ran back from the leading edge, forming rivulets downstream 
and solidify. It was shown in other studies [17,18] that different actuator layout could successfully 
prevent icing on whole surface. Runback ice can be moved back with increasing power and 
eventually it is possible to eliminate with even higher energy input. Since the plasma actuator 
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location in this study was chosen to be the location of effective flow control in the literature [30]; 
energy consumption wise, to keep increasing the power would not be an efficient method, and very 
high thermal energy may damage the actuator. 
 
Figure 7-5. Time-evolutions of ice accretion over the airfoil model, U = 40m/s, LWC = 0.8 g/m3, 
T = -5 ºC 
 
Effect of Combining NS-DBD Plasma Actuators and Superhydrophobic Coatings on Ice 
Accretion 
Dynamic Ice Accretion Process During NS-DBD Plasma Actuation 
Superhydrophobicity successfully minimizes the formation of rivulets [12]. However, ice 
accretion on the leading edge still remains an issue for this kind of passive anti-icing method. In 
the previous section, it was shown that plasma actuator on the leading edge successfully eliminates 
leading edge ice accretion, while causing water runback at moderate power input. It can be 
171 
 
suggested that combining both methods can lead to entirely ice-free surface. Figure 7-6 shows the 
time evolution of ice accretion over the airfoil surface covered with SHS under the test conditions 
of U=40 m/s, LWC=0.8 g/m3, and T=-5 ºC. It can be seen in Figure 7-6a that, without any plasma 
actuation, there was still ice accretion on the leading edge of the airfoil, because water impinges 
on stagnation point of the airfoil and unable to shed away. With the introduction of plasma at the 
leading edge, this instance can be altered. Figure 7-6b presents the ice accretion on the airfoil 
model with plasma actuator with 175W/m power input. For first 60 seconds of icing process, 
supercooled droplets did not freeze on the leading edge and run back to the trailing edge forming 
rivulets. Droplets temperature were not high enough during the runback and froze on the surface. 
After 60 seconds of droplet impingement, ice formed on the leading edge as well, because of low 
thermal energy. Increasing the input power to 350W/m as in Figure 7-6c resulted in ice-free leading 
edge. However the temperature of droplets was still not high enough, droplets froze downstream 
before leaving the surface, and ice rivulets are formed. It can be seen in Figure 7-6d that when 
power input into the NS-DBD plasma actuator was 525W/m, there is no ice formation on the 
leading edge of the airfoil. Furthermore, modified surface wettability kept water droplets from 
forming rivulets and freezing on the airfoil surface. 
Further Evaluation of Thermal Characteristics of Hybrid System 
In order to evaluate the thermal characteristics of the hybrid system, the time evolutions of 
the surface temperature distributions over the airfoil with different plasma power input under the 
test conditions of U=40m/s, LWC = 1.5 g/m3, T= -5 ºC shown Figure 7-7. It can be seen Figure 
7-7a that when plasma actuators were switched off, impinging supercooled water droplets release 
their latent heat and turn into ice on the leading edge started on the leading edge. As the time goes 
on ice chunk gets larger. Figure 7-7b represents the case where power input is 190W/m. Plasma 
actuator was switched on 60 seconds before the spray system. At t=tspray temperature gradient from 
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covered electrode edge to downstream of the airfoil can be observed. After 30 seconds of ice 
accretion, plasma actuator was covered with ice. Temperature at the edge of the exposed electrode 
was higher than any location of the surface. However, it was still less than the freezing point of 
water. Hence ice formed and kept growing. Figure 7-7c shows successful anti-icing of the leading 
edge. Temperature of both dielectric layer and the exposed electrode was much higher than 
incoming air temperature when the spray system was turned on. During the process, thermal 
energy generated by plasma was sufficient enough to keep water in liquid state to maintain ice-
free leading edge. Increasing power input generate higher thermal energy which suggests better 
anti-icing performance.  
 
Figure 7-6. Time-evolutions of ice accretion over the airfoil model with superhydrophobic 





Figure 7-7. Surface temperature distributions over the airfoil surface with superhydrophobic 
coating. U=40m/s, LWC = 1.5 g/m3, T= -5 ºC 
Based on measured surface temperature distribution in Figure 7-7, span-averaged surface 
temperature variations at different chordwise distances (i.e., 2%, 10%, 15%, 25%) during plasma 
actuation for cases (a) P=190W/m and (b) P=350W/m are shown in Figure 7-8. In both Figure 7-8a 
and Figure 7-8b temperature of the surface near the plasma region (at 10%) increase rapidly when 
plasma is switched on. Surface temperatures dropped in all locations as the spray systems turned 
on after 60 seconds and slowly increase after. At lower voltage, temperatures of the selected 
distances were lower than the freezing point of water. Eventually, ice mitigation was not possible. 
On the other hand, when the input power was sufficient enough, temperature at 10% and 2% was 
higher than the freezing water temperature before icing process. 2% distance corresponds to a 
174 
 
location ahead of the plasma region, exposed electrode surface. As dielectric temperature 
downstream (at 10%, 15%, 25%) increased with convective thermal heating from the plasma 
region, this effect is minimal against the flow direction. Nonetheless, the exposed electrode was 
made of high thermal conductivity material, copper tape. Also, high amplitude of current flow 
through the electrode results in resistive heating. Both reasons play roles on the temperature 
increase of exposed electrode at the leading edge. In most of the previous studies [17,18,34] on 
plasma-based anti-icing systems, electrodes were placed on airfoil surface such a way that, plasma 
appears on stagnation point of the airfoil, where ice accumulation starts. This approach makes 
sense since the main heating mechanism of surface is through direct heat injection from the plasma 
region [34,35]. In contrast, if ice accumulates at that region, plasma might disappear. Therefore 
heating obtained by plasma goes out of the equation.  
 
 
Figure 7-8. Surface temperature variations at different chordwise distances during plasma 
actuation (a) V=10kV, f=4kHz, P=190W/m, (b) V=14kV, f=4kHz, P=350W/m. U = 40m/s, LWC 
= 1.5 g/m3, T = -5 ºC. 
Conclusion 
In the present study, an experimental investigation was conducted to evaluate the 
effectiveness of a novel hybrid anti-/de-icing system by combining NS-DBD plasma actuation and 
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superhydrophobic coating to cover the surface of an airfoil/wing model for aircraft icing 
mitigation. The experimental study was carried out in ISU-IRT with a NACA 0012 airfoil/wing 
model explored under typical glaze icing conditions. A DBD plasma actuator was employed at the 
airfoil leading edge, and the airfoil surface was coated with a superhydrophobic coating. Dynamic 
ice accretion processes were recorded by using a high-speed imaging system, while the 
temperature distributions over the ice accreting airfoil surface were measured by using a high-
speed infrared (IR) thermal imaging system under the test conditions with and without the DBD 
plasma actuation. 
It was found that, the thermal effect induced by NS-DBD plasma actuation is effective to 
prevent ice formation/accretion at the airfoil leading edge. Water rivulets were observed to form 
at the downstream of the DBD plasma actuator, due to runback of the impacted water mass from 
the airfoil leading edge. For the test case without using superhydrophobic coating to cover the 
airfoil surface, while the moving speed of the runback water droplets/rivulets over the uncoated 
hydrophilic airfoil surfaces is relatively low, the runback water was found to be frozen into ice 
before shedding off from the airfoil trailing edge, resulting in rivulet-shaped ice formation over 
the airfoil surface. To completely eliminate the runback ice formation over the airfoil surface, 
substantial power inputs are required for the DBD plasma actuation in order to keep the 
temperature of the surface water above freezing point during the runback process. Instead, by 
applying superhydrophobic coating to cover the entire airfoil surface, the lower capillary force 
acting the runback water droplets/rivulets would enable a much faster runback of the surface water 
droplets/rivulets, as driven by the same boundary layer airflow over the airfoil surface. It will make 




The primary contribution to surface heating is achieved by heat transfer from the plasma 
region to the dielectric surface. In addition to dielectric surface heating by DBD plasma, heating 
of exposed electrode plays an essential role for icing mitigation. Heat transfer from plasma to 
conductive exposed electrode and resistive heating due to current running in the exposed electrode 
also add up for increased surface temperature of the exposed electrode.  
A novel anti-icing strategy by combining NS-DBD plasma actuation and superhydrophobic 
surface coating is introduced. It is demonstrated in this study that, NS-DBD plasma actuators and 
superhydrophobic coating, together, can effectively prevent ice formation/accretion on the entire 
airfoil/wing surface. Plasma actuation induces thermal energy, preventing water droplets to freeze 
at airfoil leading edge, while SHS enables a much faster runback of the surface water 
droplets/rivulets and eventually shed off from the airfoil trailing edge before being frozen into ice. 
As the actuator is placed at the location where flow separation control achieved, this system can 
be used for both anti/de-icing and flow control purposes. 
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CHAPTER 8.    GENERAL CONCLUSION 
The major accomplishments of this dissertation were summarized in this section. Overall, 
the thermodynamic characteristics of dielectric barrier discharge (DBD) plasma actuators have 
been studied experimentally. By leveraging the Icing Research Tunnel of Iowa State University 
(ISU-IRT), anti-/de-icing potential of DBD plasma actuators were explored. A series of 
experiments were performed to investigate dynamic anti-icing process and thermal effects. There 
are 6 topics covered in this dissertation. The main contributions are as follows:  
(1) A parametric experimental study was conducted to explore the both thermal and 
mechanical effects of DBD plasma actuation, simultaneously. It was found that operational 
parameters such as voltage, dielectric layer thickness and type determine surface heating process 
of AC-DBD plasma actuation. An increase of voltage and dielectric constant give a rise to plasma 
power, while it drops with increasing dielectric layer thickness. Thermal energy release is directly 
affected by plasma power. With increasing power, glow plasma turns into localized streamer 
filaments and fraction of power spent for thermal power increase and thrust generation reach 
plateau. 
(2) An experimental investigation was conducted to determine the potential of usability of 
DBD plasma actuators for aircraft in-flight icing mitigation. Effectiveness of a novel DBD plasma 
actuators and a conventional electrical heating film were compared in preventing ice formation 
over an airfoil/wing model. It was found that, due to different heating mechanism surface 
temperature of DBD plasma actuator was much lower than electrical heater. Surface heating of 
DBD actuator is through heat transfer from plasma gas rather than generating thermal energy at 
the surface as it was in electrical heater. The presence of heated gas above the surface allowed 
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super-cooled water droplets to warm up as they travel thought the hot air. DBD plasma actuators 
showed capability of ice prevention and was as effective as conventional heating method.  
(3) AC-DBD plasma actuator layout was optimized to improve in terms of effectiveness of 
icing mitigation. A series of DBD plasma layout over airfoil/wing model surface were investigated 
in IRT-ISU for their effects of icing mitigation under glaze icing conditions. It was shown that 
heat transfer mechanism of streamwise and spanwise oriented DBD plasma actuators have 
different path. Heat dissipates uniformly along the span in the spanwise case, while it fluctuates in 
streamwise configuration. DBD plasma actuator with active plasma area of 66% was found to be 
the ideal for aircraft icing mitigation. 
 (4) The thermal effects associated with two most common type of plasma actuators, i.e., 
AC-DBD and NS-DBD, were investigated in IRT-ISU. It was observed that, under same power 
input, induced thermal energy of NS-DBD plasma actuator was much higher than AC-DBD due 
fast gas heating feature of NS-DBD. Thermal energy generated by AC-DBD was localized at edge 
of the exposed electrode while heat dissipated to a larger volume in the case of NS-DBD. It was 
also shown that NS-DBD is more efficient in terms of removing water and ice from plasma region. 
(5) The thermal characteristics of NS-DBD plasma actuation over an airfoil/wing surface 
and to evaluate the potential of NS-DBD plasma actuators for aircraft in-flight icing mitigation by 
investigating the effects of incoming airflow velocity, airflow temperature, and AOA of the 
airfoil/wing model as well as the anti-/de-icing performances of the NS-DBD plasma actuators 
under different icing conditions. It was found that the environmental parameters such as airflow 
velocity, temperature and angle of attack affect the heating process induced by NS-DBD. It is also 
suggested that anti-icing performance of the NS-DBD plasma actuators can be improved by 
increasing the pulse frequency of NS-DBD plasma actuators. 
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 (6) A novel hybrid anti-/de-icing system that combines NS-DBD plasma actuation and 
superhydrophobic surface (SHS) was proposed. NS-DBD plasma actuator induce thermal energy 
at the leading edge to prevent super cooled water droplets to freeze, while SHS make the runback 
surface water to shed off from the airfoil trailing edge. Since NS-DBD was placed at location 
where the flow control can be achieved, the proposed system may be used for both anti-/de-icing 
and flow control.  
